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The Infrared Absorption of Water from 2.5 to 6.5u 
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A study has been made of the infrared absorption bands of water from 2.5u4 to 6.54 and new 
bands have been found at 3.30y, 5.56u and 5.83u. The band at 4.74 showed an irregular envelope 
and may contain several components. The 3u band showed a shift with thickness and is prob- 
ably made up of four components. The change in position of the maximum in the 3u region 
with thickness is explained as due to difference in sharpness of the components which constitute 
the band. The band at 6.154 did not show the corresponding shift with thickness. 





ANY studies have been made on the 
absorption of water, but only in recent 
years have studies been made with instruments 
of moderate or high resolution. Practically all 
of the recent work! * has been concentrated in 
the near infrared and has not included the bands 
at 3u, 4.74 and 6.1u. All the absorption bands of 
water were once thought to be harmonics of the 
intense band at 6.14, but newly discovered bands 
at 1.74u, 1.79u, 2.79, 2.904 and 3.14 indicate 
that the absorption of water is more complex. 

The present work was undertaken to extend 
the study of water through the strong band in 
the region of 6.1. In starting a study of solutions 
in this region it was found of importance to 
know the position and percent absorption of the 
bands of water. 

A Hilger infrared spectrometer with a fluorite 
prism was used as the resolving instrument and 
a thermocouple made by Dr. J. D. Hardy was 
used to detect the radiation. The spectrometer 
and other equipment were the same as used in 
previous work. Cells with fluorite windows were 


1J. R. Collins, Phys. Rev. 20, 486 (1922). 
?J. W. Ellis, Phys. Rev. 38, 693 (1931). 


used to hold the water, and the water layer 
varied in thickness from 0.1 mm to 0.001 mm. 
The cells were made by putting a drop of water 
between the plates and pressing to the desired 
thickness. The plates were sealed around the 
edges with wax which prevented vaporization 
and also held the cell to a constant thickness. 
The 3yu region was studied at the outset and 
it was found that the region of maximum 
absorption was a function of the cell thickness. 
Then the series of absorption curves which are 
shown in Fig. 1 was obtained by using cells of 
different thicknesses. It is seen that the position 
of maximum absorption occurs at 3.18 for the 
thickest cell which transmitted only 5 percent of 
the radiant energy, and at about 2.94, for the 
thinnest cell which transmitted 80 percent of 
the radiant energy. With still thinner cells this 
maximum probably would be around 2.91y, 
which is the position given by Raman spectra.* 
In Fig. 2 are shown more accurate results 
obtained when 0.1 mm slits were used and the 
readings were taken at intervals of 0.024. The 
third curve shows bands at 3.184 and 3.30. 


3E. L. Kinsey, Phys. Rev. 34, 541 (1929). 
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Fic. 1, The variation in transmission of water in the 3 
region due to change in thickness, 


The band at 3.144 in Raman spectra may be the 
one shown here at 3.18u, but the one at 3.30u 
has not been previously observed. 

The shift in the maximum of absorption of a 
band is found to be caused by temperature 
changes, and a change in position due to thick- 
ness is found when a weak band is located close 
by an intense band. The shift of the 34 water 
band is not due to either of these effects, but 
may be the result of its complex nature. From 
the work of Kinsey*® bands have been found at 
2.79, 2.904% and 3.14u, and in the present work 
bands have been observed at 3.18u and 3.30uz. 
These four overlapping bands produced the 
absorption which is called the 3u water band. 
The intensity of the maximum absorption in a 
sharp band will increase more rapidly than in a 
broad one. If we assume that the bands which 
overlap in the 3yu region vary in sharpness, which 
seems probable as they arise from different types 
of vibration, the position of maximum absorption 
in the resultant band will be a function of cell 
thickness. Collins‘ has observed that the near 
infrared bands of water shift in position and 
intensity as the temperature is changed. He 
interpreted these changes as due to a change in 


4J. R. Collins, Phys. Rev. 26, 771 (1925). 
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Fic, 2. The variation in transmission of water in the 
3u region due to change in thickness, with higher reso- 
lution. 


the number of di-, and trihydrol molecules. 
While this effect may be due to the change in the 


groupings of water molecules, yet the same 
effect could be produced if these bands are made 
up of two or more components of different 
sharpness which vary in intensity with the 
temperature. According to the classification of 
Ellis? the bands at 1.96y, 1.45y, 1.184 and 0.98 
are all double, and a shift (may be) produced 
by a change in thickness or temperature. 

When cells with thicknesses from 0.01 mm to 
0.001 mm are used, no bands appear in the 
region from 3.54 to 6u. With a cell of about 
0.06 mm thickness bands were observed as shown 
in Fig. 3. Besides the band at 4.70u, two other 
bands, which previously have not been observed, 
have been found at 5.56u and 5.83. In thick 
cells the band at 5.54 appears more intense, 
but with cells of decreasing thickness the 5.83 
band becomes more intense. It was also noticed 
that the positions of these bands varied with 
cell thickness. These effects are probably due 
to these weak bands being on the side on an 
intense band. The wave-lengths given for these 
bands are taken from the upper curve. These 
bands have low intensity in comparison to that 
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Fic. 3. The transmission of water from 3.40u to 6.20 for 
two cell thicknesses, 


in the 6u region and may arise due to differences 
in other frequencies or, at least, one of them 
may be a second harmonic of a long wave-length 


band. Such a band has been proposed by Ellis 
to account for the presence of certain short 
wave-length bands. The 4.74 band seems to 
become irregular with thin cells and to be made 
up of several bands. The different maxima could 
never be clearly found but it will be noticed in 
the upper curve of Fig. 3 that there is a slight 
shift of the band and that an irregularity 
appears on the side of the band. 

The absorption in the region of 6u was studied 
as a function of the cell thickness, but no 
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Fic. 4. The transmission of water from 5.70u to 6.50 for 
four cell thicknesses. 


appreciable shift in the band was observed. In 
Fig. 4 are shown the results obtained with cells 
from 0.001 to 0.1 mm in thickness. The lowest 
curve in Fig. 3 or in Fig. 4 shows the maxima at 
6.18u, while all other curves give 6.15u. This 
makes it seem probable that the absorption in 
the 6.154 region of water is due to a single band. 

It is expected to continue this work into the 
longer wave-length region. It can then be seen 
if there exists another fundamental band for 
water in the region from 16yu to 20u. Until the 
longer wave-length region is studied, it is im- 
possible to make a complete classification of the 
vibrational bands in water. 
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The Infrared Absorption of Acid Solutions 


E. K. PLyLer AnD E. S. Barr, Department of Physics, University of North Carolina 
(Received February 26, 1934) 


A study has been made of the absorption of aqueous 
solutions of HCl, HF, HBr, H:SO., HNOs;, NaCl and 
NaBr in the region from 1.74 to 6.54. Also HCOOH, 
CsH;COOH have been studied from 5y to 6.54. No ab- 
sorption bands were found for HCl and HBr in the regions 
of 3.54 and 3.8u, respectively, where there are strong 
bands in the gaseous state. All of the acid solutions showed 


a strong band at about 5.5u. The position of this band 
varied slightly with the solute and the sharpness of the 
band was different for each acid. Another band was found 
at 2.40u for the solutes. The 5.54 band is explained as 
due to the undissociated molecule attached to a water 
molecule and the 2.40u band as due to the same effect or 
to a hydrogen ion attached to a water molecule. 





ONSIDERABLE work has been done on 
the absorption of solutions in the near 
infrared by H. C. Jones and his co-workers.’ 
These researches did not extend beyond 1.54 and 
left a large region of the infrared unexplored. 
Also very little attention was given to the study 
of inorganic acids and bases. In many cases the 
bands were due to harmonics and combinations 
and thus were difficult to interpret. The work of 
Collins? to 2.24 on the absorption of 16 inorganic 
compounds in solution showed that the absorp- 
tion of water was influenced by the presence of 
the solute. Collins was not interested in finding 
bands due to solutes, but he showed that the 
hydroxides had bands in the regions of 0.96y, 
1.14 and 1.274. Grantham’ had previously shown 
than NaOH, KOH, LiOH and CsOH had a band 
at 2.294 and NH,OH had a band at 2.20u. In 
view of the agreement in position of this ab- 
sorption band for the various hydroxides, 
Grantham concluded that it was due to the 
dissociated OH ion. 

All ions, except those which are monatomic, 
should have characteristic absorption bands; and 
a monatomic ion, if attached to a water molecule, 
may also produce an absorption band. Due to 
the difficulty in interpreting overlapping bands 
in the shorter wave-length region, it was felt 
that further and more definite information could 
be best obtained by work in the longer wave- 


1 Jones, Absorption Spectra of Solutions, Carnegie Inst. 
of Washington, Publication Number 210. 

2 J. R. Collins, Phys. Rev. 20, 486 (1922). 

3G. E. Grantham, Phys. Rev. 18, 339 (1921). 


length regions. For this reason, the present work 
has been concentrated in the region from 1.7 
to 6.5y. 

A Hilger infrared spectrometer with fluorite 
prism was used for resolving the spectra and a 
thermopile with galvanometer was used for 
detecting the radiation. The galvanometer was 
used in connection with a Moll thermorelay 
with a subsidiary galvanometer, which greatly 
increased the deflections. The other arrangements 
were of the usual type. 

The greatest difficulty was found in deter- 
mining the thickness of cell to bring out the 
bands properly. Because of the intense absorp- 
tion of water at 3u and 6y, extremely thin layers 
of the solution were used. Below 2.8 the cells 
were made of two very thin glass plates, 0.1 mm 
apart. For the longer wave-lengths either mica 
or fluorite plates were used. For some of the 
thicker cells thin mica washers were satisfactory, 
but a great portion of this investigation was done 
with thicknesses of solution from 0.001 mm to 
0.01 mm. Since washers are impractical for such 
cells, it was found necessary to make cells of 
varying thicknesses and test each one until a 
satisfactory thickness was obtained. The general 
procedure was to take one of the plates, put a 
drop or so of the solution on it, place the other 
plate upon it, and then move the plates one 
upon the other until the liquid was evenly 
distributed and the layer sufficiently thin. The 
plates were then sealed. The plates used had an 
area of some 4 sq. cm. These extremely thin 
cells were necessary, for otherwise the intense 
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INFRARED ABSORPTION OF ACID SOLUTIONS 


absorption of water at 3u would have masked 
any absorption due to the solute. 

The first work in this investigation was done 
in the region between 1.6u and 2.8. In Fig. 1 
are shown the transmission curves for H,O, 36 
percent HCl, 65 percent HNOs;, 32 percent 
HNOs, and in Fig. 2, those of saturated solution 
NaCl, 48 percent HBr, 48 percent H2SO,, 96 
percent H,SO,. The cell thickness was very 
nearly the same in all cases, as may be known 
from their having approximately the same trans- 
mission at 1.6u. From these curves it can clearly 
be seen that there is a marked effect in the 
region of about 2.40u due to the presence of 
various acids. In order to determine whether 
these bands were due in any sense to the negative 
ion, curves were obtained for NaCl and NaBr 
in saturated solutions at 23°C. If the absorption 
in the curves for the solutions of HCl or HBr 
was due to the negative ion attached to a water 
molecule, the band at 2.40u should also appear 
in curves for these salts. An inspection of Fig. 2 
will show that no such absorption has been 
observed in NaCl. NaBr likewise failed to show 
any absorption. If there is any modification of 
the 2u absorption band of water at all, due to 
the presence of the solutes, it is not to any 
great extent. The study of the modification of 
water bands was not the purpose of this investi- 
gation and a careful study of the point has not 
been made. The percentage transmissions of the 
solutions as compared with that of water is 
shown in Fig. 3. All the acids studied give a 
strong band in the region of 2.40u, which is 
attributed to either an undissociated acid mole- 
cule or a hydrogen ion attached to a water 
molecule. The curves have in general the same 
shape, except that for 65 percent HNO;. The 
distortion of this band may be due to the NO; 
ion. It should also be kept in mind that when the 
percent transmission of a solution is plotted 
against the transmission of water, small errors 
in the original data are greatly magnified. In 
the region from 2.7u to 4.9u the transmission of 
the solutions was practically identical with that 
of water and, as in the case of the 2 water 
band, there was no appreciable modification of 
the 3u band due to the presence of the solutes. 

HCl in the gaseous state has an intense 
absorption band at about 3.5u. This region was 
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Fic. 1. Percent transmission of water, 36 percent HCl, 65 
percent HNO; and 32 percent HNO. 
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Fic. 2, Percent transmission of NaCl solution saturated 
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carefully studied in an effort to determine if this 
band were present in solution. The band was 
not found, and this non-appearance is taken as 
an indication that, when in an aqueous solution, 
there can be only a small percent, if any, of the 
HCI molecules in a state similar to that of those 
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Fic. 3. Transmission in region of 2.404 of 36 percent 
HCl, 48 percent HBr, 65 percent HNO:;, and 96 percent 
H.2SO,, as compared to that of H20. 


in the gaseous form. The band at about 3.8y for 
HBr also failed to appear. 

Fig. 4 shows the transmission of H.O and 
solutions of 45 percent HF, 36 percent HCI, and 
48 percent HBr in the region of 5.0u to 6.5u. 
In addition to the bands which are observed in 
water, there is a strong band at about 5.5y, 
which was found for all the acid solutions. The 
intensity of this band is greater even than that 
of the strong 6.184 water band, as can be seen 
in Fig. 4 by an examination of the absorption 
maxima for the solutions at 5.54 as compared 
with the absorption of water at 6.18. The 
centers of the bands for the solutions correspond 
only approximately and there is a gradual shift 
to the longer wave-lengths as the halogen ion 
increases in atomic weight, the bands for HCl 
and HBr being much sharper than that of HF. 
The difference in shape of the HF band may be 
due to the presence of both HF and H¢2F+> in the 
solution. Fig. 5 shows a comparison of the 
transmission of water with that of solutions of 
0.5 percent CsH;COOH, 90 percent HCOOH, 
65 percent HNOs;, and 96 percent H2SO,. These 
solutions show absorption in the same region as 
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HCl 5.48 H»SO, 5.58 
HF 5.46 HNO; 5.62 
CsH;COOH 5.60 

























the other acids shown in Fig. 4, but the bands 
have been shifted to longer wave-lengths and 
the maxima occur at about 5.6u. Table I gives 
the position of the observed bands. There is a 
marked difference in intensity for this band in 
these acids. This difference in intensity is, no 
doubt, in part due to the difference in concen- 
tration of the various solutions, and the very 
low intensity of the band observed for the 
benzoic acid solution can be accounted for in 
this way. The relation between the transmission 
of HO, and saturated solutions of NaBr and 
NaCl was studied. These salts do not show the 
strong band at 5.54 which has been observed in 
the case of the acids. In fact, the curves show 
only the water bands, and correspond as well as 
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Fic. 4. Percent transmission of H,O, 45 percent HF, 36 
percent HCl and 48 percent HBr. 
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Fic. 5. Percent transmission of H:O, 0.5 percent 
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96 percent H2SO.. 


separate observations made upon water check 
with each other. 

As was noted above, HCI and HBr in solution 
do not give the strong absorption bands at 3.5yu 
and 3.8y, respectively, which are found for these 
substances in the gaseous form. On account of 
the general similarity of the absorption bands in 
the region of 5.54 due to the acid solutions, it is 
probable that they have a like origin. Since the 
only common constituent of the acids is the 
hydrogen atom, the bands must be caused by 
either the whole molecule attached to a water 
molecule through the hydrogen atom, or the 
hydrogen ion attached to a water molecule. If 
the latter case is true, then the observed differ- 
ences in position and shape of these bands must 
be attributed to the influence of the negative ion 
at close distances to the H;+O. In order to test 
this point, a series of observations was taken on 
the transmission of HBr at concentrations from 
1 to 48 percent. These results are shown in Fig. 6. 
As can be seen, there is no appreciable change 
in the position of this band with concentration. 


OF ACID SOLUTIONS 





H,0 


Ae 
8% HBr 
12% HBr 


48% HBr 


t -_ tw Ww tw Ww os 
(2) (2) So 9 (eo) 9 9 


Percent Transmission 


oO 











1 1 ! L 1 ! ! 
5.20 5.40 5.60 5.80 6.00 6.20 6.40 


Wave-Length Cu) 


Fic. 6. Percent transmission of HO and 1 percent, 4 
percent, 8 percent, 12 percent and 48 percent HBr. 


From this check and other experimental work,‘ 
it seems probable that the vibrational energy 
levels observed in the region of 5.54 are due to 
the vibration of the acid molecule as a whole 
against the water molecule when attached to a 
water molecule through the hydrogen of the acid. 
This interpretation may seem inconsistent with 
not finding the bands at 3.5u and 3.84 for HCI 
and HBr, respectively. However, this incon- 
sistency may be explained by considering the 
changes in the vibrational energy which take 
place in the hydrated acid molecule. This may 
well cause a shift of the band to longer wave- 


4 In hydrolizing salts, such as ZnCl, and Na2COs, it has 
been recently found that the 5.54 acid band is intense 
when the solution gives a hydroxide test and is of very 
low intensity when the solution gives an acid test. This 
indicates that this band is due to the presence of the 
undissociated acid molecule. 
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lengths. In work with the Raman effect, shifts 
have been found® in the spectral lines which 
correspond to the absorption bands at 9.54 and 
11u for solutions of HNO; and H.SQOx,, respec- 
tively. These bands may be due to the new 
vibration of the acid molecule in solution rather 
than to the vibrational frequency of the molecule 
in the gaseous state. Further work is now in 


5S. K. Mukherjee and P. N. Sengupta, Ind. J. Phys. 3, 
503 (1929); I. R. Rao, Nature 124, 762 (1929). 
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progress in order to see if all acids have their 
absorption bands as observed in the gaseous 
state shifted to longer wave-lengths when in 
solution. 

In Fig. 6 it is of interest to note that the 5.5, 
band is still present even with a one percent 
solution of HBr. The intensity of the band 
seems to vary directly as the concentration, 
without any sudden change, but to decide this 
point more definitely a very detailed study must 
be made. 
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The Raman Spectra and Molecular Constants of the Hexafluorides of Sulfur, 
Selenium and Tellurium 


Don M. Yost, CARSTEN C. STEFFENS AND SIEGFRIED T. Gross, Gates Chemical Laboratory, 
California Institute of Technology* 


(Received February 19, 1934) 


The Raman spectra of the gaseous and liquid hexafluorides of sulfur, selenium and tellurium 
were determined (Table I). Three lines for each substance were observed and this is the number 
permitted by the selection rules for a regular octahedral molecule. Frequency formulae based 
on central forces were derived, and these, together with the appearance of the spectra, were 
used to assign the observed frequencies to the proper modes of vibration. Estimates of the 
magnitudes of the forbidden frequencies were made. A provisional value of — 238,000 cal. 
is given for the free energy of formation of SF¢. (g) at 25°. 





INTRODUCTION 


HE hexafluorides of the sulfur group ele- 

ments have been shown by electron 
diffraction experiments to consist of highly 
symmetrical molecules, the six fluorine atoms 
occupying the corners of a regular octahedron 
with the remaining atom at the center.' No 
spectroscopic measurements to determine the 
fundamental molecular frequencies have been 
made, and further information regarding bond 
strengths and thermodynamic quantities requires 
such data. As one step in obtaining such material, 
the Raman spectra of these substances in both 
liquid and gaseous forms were determined. 

Redlich, Kurz and Rosenfeld? have derived, as 
2 function of central force constants, formulae 
‘or the fundamental modes of vibration of the 
regular octahedral molecule, but they over- 
simplified the problem in ignoring the forces 
present in the equilibrium positions of the atoms. 
lt was therefore necessary to treat the problem 
more thoroughly. The results of both the 
theoretical and experimental studies are pre- 
sented in this paper. 

We wish to express here our appreciation to 
Professor Roscoe G. Dickinson for valuable 
‘uggestions made in connection with the tech- 

“Contribution No. 400. 

Pauling and Brockway, Proc. Nat. Acad. 19, 68 (1933). 


, *Redlich, Kurz and Rosenfeld, Zeits. f. physik. Chemie 
=19. 231 (1932). 


nique for determining the Raman spectra of 
gases, and to Dr. E. B. Wilson, Jr., who applied 
Placzek’s*’ theory of scattering to deduce the 
selection and polarization rules for the octahedral 
type molecule. 


THEORETICAL 


The methods of general dynamics which were 
developed for the treatment of systems involving 
more coordinates than degrees of freedom are 
commonly applied only in case the differential 
equations of constraint are non-integrable. The 
same methods are applicable regardless of the 
integrability of the equations of constraint; but 
in the integrable cases, as many coordinates as 
there are equations of constraint can be elimi- 
nated, thereby reducing the number of differential 
equations. If the physical system is highly 
symmetrical, the corresponding high symmetry 
of the differential equations may compensate the 
greater number of equations in the set, as was 
pointed out by Routh.* Since the system con- 
sidered in this paper is highly symmetrical, the 
procedure usually applied to non-holonomic 
systems will be used. 

The Lagrangian equations of motion for a non- 
holonomic system are: 


3Cf. Debye, The Structure of Molecules, p. 86, Blackie 
and Son, London, 1932. 

*E. J. Routh, Advanced Rigid Dynamics, p. 31, 
millan and Co., N. Y., 4th Ed., 1884. 


Mac- 


311 





YOST, STEFFENS AND GROSS 


ddaL oL ™ 


aif 
agi 


Ogi i=! 
where ;f=0 for 7=1, 2, ---m are the m equations 
of constraint, and the \,’s are m undetermined 
multipliers. The 7 equations of motion plus the m 
equations of constraint determine the  coordi- 
nates and m \,’s. 

An isolated system of point particles, where L 
equals J— V and is not a function of the time, 
has six integrals of linear and angular mo- 


mentum, providing six equations of constraint.. 


These momenta will be assumed zero. The 
motion of the system will be described with s sets 
of rectangular coordinates, derivable from one 
another by translation, whose origins ar? at the 
positions of the particles when the system is in an 
equilibrium configuration. 

The potential energy V may be expanded in a 
Maclaurin’s series in m variables about the 
equilibrium configuration. Third and _ higher 
powers are neglected. The condition that dV /0q; 
=0 in an equilibrium configuration does not 
follow in general from the equations of motion, 
since these partial derivatives are related, not to 
the total force along the corresponding coordi- 
nates, but only to that part of the force due to 
reactions included in L as distinguished from 
reactions included in the equations of constraint. 
If, however, an equilibrium configuration of the 
system is unaffected by the absence of the 
constraints, or, from another viewpoint, if the 
constraints exert no forces in the equilibrium 
configuration, then in that configuration 0V/dq; 
=(. These partial derivatives are therefore the 
negatives, not only of the components of that 
part of the forces included in L, but also of the 
total forces along the corresponding coordinates. 
In the systems of interest, the potential energy is 
2V= LD int jn 1g iqj- 

Since the kinetic energy T of the system is the 
sum of the kinetic energies of the particles 
composing it, and since the coordinates for each 
particle are orthogonal, no cross-products will 
appear. The kinetic energy is 2T=Dj_,aq? 
where the a,’s are constants. 

The equations of constraint are homogeneous 
linear functions of the coordinates, ;f= Dj, ;f igi 
=(0. The undetermined multipliers may be 


written as oA;+1A; where 0A; is the value of 4; in 
the equilibrium configuration. 

The equations of motion are solved by the 
usual substitution g;=A je“! and ,A\;= — Me. 
The resulting relations are: 


n 6 
(aw?+b;)A:it+>d b:;A;+>d -f:Mi=0 
j=1 r=] 
i+i 


n 

> rf:A;=0 

i=1 
The od,’s are all zero since the equations of 
motion must be satisfied when the variables and 
their derivatives are all zero. 

The secular determinant is bordered by six 
rows and six columns of constants. It is of the 
(n+6)th order and of the (n—6)th degree in the 
variable, yu”, which is confined to the non-zero 
terms of the principal diagonal. Since a row or 
column from the border may be used as an 
operator without disturbing any of the bordering 
elements, and since these elements are simple, 
the determinant is comparatively easy to factor. 
The secular determinant of a system of seven 
particles arranged in a regular octahedron is a 
“block circulant,”’ and is immediately factorable 
into three determinants, each of order (n+ 6) /3.5 

The seven particles, 0, 1, ---6, are placed in a 
rectangular coordinate system at 000, 200, Ca0, 
400, 040, 00a, and 004, respectively. Roi, Ris, and 
ko, denote force constants due to reactions 
between the central and a peripheral particle, 
between two adjacent peripheral particles, and 
between two opposite peripheral particles, re- 
spectively. mo and m, denote the mass of the 
central and of any ‘peripheral particle, re- 
spectively. —b, —h, and —j denote ratios of 
forces to corresponding equilibrium distances, 
where the forces are those at equilibrium due to 
reaction between the central and a peripheral 
particle, between two adjacent peripheral parti- 
cles, and between two opposite peripheral 
particles, respectively. There is a relation, } 
= —4h—2j, between these constants. 

The kinetic and potential energies of the 
system for infinitesimal displacements and 
velocities are given by the following equations. 


5 Muir and Metzler, Theory of Determinants, p. 485, 
privately printed, Albany, N. Y., 1930. 
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2T=m(ée+yoe+ic)+mi(éet+yetertartye+ ++ +22), 
2V=Roil (x1 — 20)? + (x3 — x0)? + (y2— Yo)? + (ya— Yo)? + (25 — 20)? + (26 — 20)? ]H-OL (x2 — X0)? + (4 — 0)? 
+ (x5—X0)? + (x6 — x0)? + (91 — Yo)? + (¥3 — Yo)? + (Ys — Yo)? + (¥e— 0)? + (21 — 20)? + (Z2 — 20)? 
+ (23—Z0)?+ (zs — 20)” 1+ (Ri2/2)[ (41 — y1 — Xa +92)? + (41 — 21 — X53 +25)? + (Hit 91 —¥4— YM)? 
+ (x1 +21—X6—26)?+ (¥2—Z2— Ys +25)? + (x2 + y2—X3— ys)? + (Y2+ 22—Yo—Z6)? + (Xs — 23 —X6 +26)? 
+ (X3— ys —X4t Vs)? + (X3+23 — Xs — 25)? + (Ya + 24— V5 — 25)? + (Ys —24—Yo+Ze)? ] 
+ (h/2)[ (x1 +91 —x2— v2)? + (41 — 21 — Xe +26)? + (41 — 1 — Xa +4)? + (Xi +21—%5 — 25)? 
+ (ye+22—Ys—25)*+ (x2—yo— Xs +a)? + (Y2—22—Yo+26)?+ (xs +23 —X6—26)?+ (Xs+V3—Xs— Ys)? 
+ (x%3—23— xs +25)? + (¥s— 24—Y5t-25)? + (Yat 24 — Yo— 26)? JA AL (x2 — 45)? + (5 — x4)? + (X41 — X56)? 
+ (%6—22)?+ (yi —Y6)? + (Yo— Ys)? + (Ys — 5)? + (Ys — 1)? + (21 — 22)? + (22 — 2)? + (23 — 24)? 
+ (Z4—21)? ]+ Real (x1 — 3)? + (y2— ya)? + (25 — 26)? JA JL (x2 -- 44)? + (Hs — X65)? + (1 — Ys)? + (5 — V6)? 
+ (21 —23)?+ (Z2—24)* ]. 


The six integrals of linear and angular momenta equated to zero give the six following equations. 



















MoxXot My (X1+X24 Xs +xXy+x5+%X6) =, Vs—Vo—Z2t+2=0, 
Moyo mi(yityetyst vst Vet Ve) = 0, X5—X¢—21+2;= 0, 
MoZo+ Mj (21+22+23+ 24 +25+26) = 0, 







X2—X4— Vi ty3= 0. 








The secular determinant is set up from these equations and solved. The roots determine the 
following six frequencies, the multiplicity being given by the figure in parenthesis. 


4n?y?(1) = (Ror +4kio+2kos)/my, (1) 4x’ v37(3) = (2ki2— 2h)/my, 
4x? y_?(2) = (Roitkiot+2kos+3h)/mi, (2) 4n*y2(3) = (Rioth bs 2j)/m, 











(3) 
(4) 


















4n’y’,, 6(3) = {A +[A*+4mo(mo+ 6m) (—Rorki2 + 3koih+2korj +4(2h4+ J) (Risa th)) |}, 





2mom, 
A = (mo+2m)koi+3moki2— (mo + 16m 1)h —2(mo+4m))), (5) 


vy? = ve? + (3/2) v3. (6) 














Another set of frequency formulae for the octahedral X Y, molecule was derived by Dr. E. B. 
Wilson, Jr., using a very restricted type of valence-force potential function involving only three 
constants, ko, the X — Y force constant, p the interaction constant for the effect of extension of the 

X —Y bond, and k, the constant for the bending of the valence bonds. A more thorough treatment 
_ would, of course, introduce further constants. The formulae are the following: 


Any?(1) = (koit4p)/mi, (7) 







4n2v32(3) =4k,/mi, (9) 












An’v2?(2) = (koi—2p)/mi, (8) 4n’v?(3) =2k,/mi, (10) 
1 4m, 6m1\2 , 
4ny*s, 6(3) = {B+| B—48(1+—) (1+—) hue] \ (10) 
6m ,(1+4m,/mpo) Mo Mo 
m? 4m,\? 4m, 
B= 24k +6(14+—) ket+2(14— (Rotk,), (11) 
me Mo Mo 






(12) 


v3/v4= 2}, 
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Of these six frequencies, v:, v2, and v3 are permitted by the Raman selection rules, and the two latter 
will be depolarized equally with p=6/7. The modes of vibration are pictured in Fig. 1 and are in 
agreement with those described by Redlich, Kurz and Rosenfeld.” 
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Fic. 1. Fundamental modes of vibration of regular 


octahedral model of X Y¢. 


EXPERIMENTAL 


The hexafluorides were prepared by treating 
elementary sulfur, selenium, and tellurium with 
gaseous fluorine. The methods of purification 
have been described elsewhere.® About two days 
were required for the preparation of each 
compound. 

In the experiments on the liquids, the material 
was contained in a Pyrex glass tube 1 cm in 
diameter equipped at one end with a plane glass 
window and at the other with a right cone of 
black nickel-oxide Pyrex glass. The tube was 
supported vertically in a Dewar flask silvered on 
one-half of its circumference. Cooled alcohol or 
ice-water served as low temperature baths. In 
all cases the liquids were under pressures varying 
from five to nine atmospheres. The selenium and 
tellurium compounds were run at 0°, and that of 
sulfur at —50°. A mercury arc in Pyrex served as 
a source of radiation. 

The strongest Raman line appeared after an 
exposure of twenty minutes, but to obtain all of 
the lines two or three hours were necessary. In no 
case were more than three lines observed result- 
ing from a single exciting frequency. For a given 
exposure time, the Raman lines from tellurium 
hexafluoride were the most intense and those 
from the sulfur compound the least. 

In the experiments on the gaseous hexa- 
fluorides, quartz was used throughout. The 


6 Yost and Claussen, J. Am. Chem. Soc. 55, 885 (1933). 





spectrograph contained in it a dish of mercury 
whose vapor served to absorb a large fraction of 
the 2537A radiation used to excite the spectra. 
The tube containing the gases was 2.5 cm in 
diameter, and 30 cm long. It was equipped with 
a 1.3 cm diameter window at one end, and a 
right cone, covered with optical black paint to 
prevent reflections, at the other. The gases were 
present at a pressure of about 75 lbs./sq. in. 

The lengths of the exposures for the gases 
varied from a half hour to thirty hours. Tellurium 
hexafluoride yielded three Raman lines. The one 
of greatest Av was strong and sharp with only a 
trace of diffuseness on the long wave-length side. 
The weakest line had a well-defined center and 
faint, diffuse wings. The line of least Av was 
broad (19 cm™) and uniformly intense over most 
of its width, and appeared also as anti-Stokes 
radiation. The other two gases yielded only one 
strong sharp line each. For a given length of 
exposure, the most intense lines were obtained 
from tellurium hexafluoride and the least intense 
from the sulfur compound. 

The lines obtained from the liquids were 
appreciably broader than those from the gases. 
The accuracy attained for the former was about 
+3 cm“! and for the strongest line of the latter 
+0.1cm™. 


RESULTS OF EXPERIMENTS 


The results of the experiments are presented in 
Table I, together with the interatomic distances 
obtained from electron diffraction experiments.! 
The numbers in parenthesis adjoining the 
symbols v are multiplicities, those. adjoining the 
frequency values are relative intensities. 

Only three lines are permitted by the selection 
rules and this is the number observed. 

As the table shows the frequency »; has nearly 
the same value for the gases as for the liquids, a 
result that is usually found for nonpolar sub- 
stances.? The highly symmetrical hexafluoride 
molecules evidently do not interact with each 


7 Kohlrausch, Der Smekal Raman Effekt, p. 126, Julius 
Springer, Berlin, 1931. 
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TABLE I. The Raman frequencies of sulfur, selenium and 
tellurium hexafluorides. 








~ y3(3) 


cm 


522(2) 
1.58 311.5 


405(2) 
1.70 362.5 


M—F 
A Ix10 


Sub- 
stance State cm 


SF, Liquid 776(10) 
Gas 772.4 


Liquid 710(10) 
Gas 708.0 


TeF,s Liquid 697(10) 
Gas 701.2(10) 


vi(1) v2(2) 


cm" 





642(2) 
SeFs 662(2) 


672(2)  316(4) 
674.4(1) 313*(4) 1.84 425.0 








M-— F=distance from S, Se, or Te to F. 
I=moment of inertia in g-cm?. 
* The width is about 19 cm7™. 


other in such a way as to affect appreciably the 
valence forces, although the bonds themselves 
may be ionic in character. 

The assignment of the strongest line from each 
substance to the completely symmetrical mode of 
vibration, v;(1) is in accord with the theory*® and 
is almost certainly correct. In the case of the 
gases, the strongest line is also sharp with only a 
trace of diffuseness on the long wave-length side. 
This indicates a Q branch and is to be expected 
from the mode of vibration, v;(1). The weakest 


line from tellurium hexafluoride was assigned to 
ve, and has a well-defined center with less intense, 
diffuse wings on either side which were, however, 
rendered somewhat indistinct by the continuous 


background. The broad line is moderately 
intense and is assigned to v3. The broadness is 
doubtless due to unresolved rotational structure, 
and the uniform intensity over its width indicates 
the presence of P, Q and R branches. These 
considerations, together with the relative magni- 
tudes of the frequencies to be expected from the 
modes of vibration involved, would seem to 
confirm the assignments given to the lines. To 
render them more certain the constant-free 
relation, Eq. (6), between the allowed frequencies 
was employed. 

From the relation, v;?=ve?+(3/2)»;%, it is 
evident that »; is the greatest of the three 
frequencies. It was found that the best agreement 
was obtained when the smallest frequency was 
assigned to v3. The values of (v2?+(3/2)y3?)! aré 
from 10 percent to 17 percent greater than those 
observed for »;, the best agreement being 
obtained with tellurium hexafluoride. The assign- 
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ments are, therefore, in agreement with the best 
available criteria. It must be pointed out that 
polarization experiments would be of little 
assistance in this case since the depolarization 
factor, p, will be the same for v2 and 73. 


THE Force CONSTANTS AND FORBIDDEN 
FREQUENCIES 


Both sets of frequency formulae were used to 
estimate the magnitudes of the forbidden fre- 
quencies. The values so calculated are to be 
regarded as rough approximations only. They 
would serve as a guide in the analysis of ab- 
sorption spectra. 

The data are insufficient to determine all the 
constants of Eqs. (1-5). From the relation 
discovered by Professor R. M. Badger® of this 
laboratory it is possible to determine, at least 
approximately, the values of ko;, and, with less 
certainty, ki2. kes is certainly small and is 
disregarded. h may be calculated from v2 alone, 
and elementary inverse square law considerations 
show that j=//(2)*. ko: and ki were used to 
calculate »; in order to test the approximate 
correctness of the constants. The agreement with 
experiment is not exact but is satisfactory. The 
results of the calculations are represented in 
Table II. The negative values for h and 7 indicate 
the existence of repulsive forces between fluorine 
atoms. 


TABLE II. Estemated force constants and forbidden 
frequencies. Eqs. (1-5) (central forces). 








Estimated for- 
—h _ bidden frequencies 
«10-5 % V5 V6 


Sub- koi hie V1 V1 
stance X107°X10- calc. obs. 


SF« : 5 
SeF « . 3 
TeF¢ od 





280 
230 
190 


620 
570 


420 


1510 
960 
850 


772 «1.0 
708 0.55 
701 0.28 


844 
807 
790 








The »v’s are expressed in cm~ and the constants in 


dynes/cm. 


Similar calculations were made using Eqs. 
(7-11). The three constants were determined in 
this case directly from the experimental data. 
The results are presented in Table III. 

It does not appear possible to make a definite 
choice between the kinds of bonds postulated in 


8 Private communication. 
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TABLE III. Estimated forbidden frequencies Egs. (7-11) 
(valence bonds). 








Sub- kon p ke 
stance X10 X10 1075 » cm vs cm vg cm 





970 
650 
610 


540 
430 
310 


0.765 
0.460 
0.274 


370 
286 
222 


0 0.344 
0.123 
0.086 


SF; a 
SeF 5 a 
TeFs iz 








deriving the two sets of frequency formulae. 
That the bonds are not of the extreme ionic type 
seems likely in virtue of the fact that the spectra 
are readily obtained. 

Of the three frequencies forbidden in the 
Raman effect, v; and vg should be observed in 
infrared absorption experiments. Specific heat 
measurements on the gaseous hexafluorides would 
also add considerably to our knowledge con- 
cerning the magnitudes of the unknown fre- 
quencies. 


THERMODYNAMIC CONSTANTS 


The virtual entropy of sulfur hexafluoride may 
be expressed as S*oos°=S,.+S,;, where S; is the 
entropy associated with the forbidden frequencies 
and S, the remaining entropy. The value of S, is 


64.6 cal./deg., and it was calculated from the 
data in Table I. The symmetry number is 24. S; 


was estimated by using the first set of calculated 
values for the forbidden frequencies, and has the 
provisional value 5.9 cal. /deg. S*29s° becomes then 
70.5 cal./deg. The entropy of fluorine is 48.0 
cal./deg.,° and that of rhombic sulfur is 7.6 
cal./deg.!° at 25° and 1 atmosphere. The heat of 
formation of sulfur hexafluoride at constant 
pressure and 25° is 262,000 cal. When these 
values are combined, the following equation can 
be written. 
S (rhombic) + 3F2(g) = SF¢(g) 
AH= — 262,000 cal. ASogg= —81 cal./deg. 
AF°eo3= — 238,000 cal. 


It is believed that the error in this provisional 
value of AF’s9s: is due principally to that in AH, 
namely, +3000 cal. As an application of this free 
energy value, it may easily be shown that sulfur 
hexafluoride has a large tendency to hydrolyze 
when brought into contact with water, but due to 
the extreme slowness of the reaction, no hy- 
drolysis is observed. However, it may be pre- 
dicted that no hexafluoride will result when 
sulfuric and hydrofluoric acids are mixed, and 
this is in agreement with experiment. 


® Yost and Hatcher, J. Chem. Educ. 10, 330 (1933). 
10 Lewis and Randall, Thermodynamics, p. 464, McGraw- 
Hill Book Co., N. Y., 1923. 
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The values of the modified frequencies of radiation 
scattered by crystalline HCl and HBr at temperatures 
just below their freezing points are found to be 2784 cm™ 
and 2480 cm™, respectively, for the long wave edge. As 
with gases and liquids, the intensities of scattering are in 
the reverse order of intensities of absorption and the 
difference in the Raman shifts with change of state is too 
great to be attributed to Lorentz-Lorenz forces alone. 
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The Raman band of crystalline HCl corresponds to the 
high frequency branch of two absorption bands found by 
Hettner, not to the center of the bands; on the possibility 
that, because of this correspondence, this branch is a 
Q-branch, the temperature variations of the absorption 
bands and the heat capacity at low temperatures can be 
accounted for. The non-existence of a third branch, for 
the R, is noted. 








ODIFIED scattering by gaseous HCI has 
been reported by Wood! and Wood and 
Dieke,? by gaseous HBr and HI and liquid HCI 
and HBr by Salant and Sandow.* This paper is 
concerned with the modified scattering by crys- 
talline HCl and HBr; the Raman shifts of the 
centers of these bands have already been re- 
corded.* 


APPARATUS AND EXPERIMENTAL RESULTS 


A Hilger constant deviation spectrograph with 
the small camera (17 cm focus lens) having a 
dispersion of 356 cm~'/mm at 4550 was used, 
which, with the violet group of lines of a com- 
mercial six inch mercury arc (3 amp., 130 volts 
across the arc terminals) focussed into the 
crystals, gave Raman lines in half an hour and 
less with Eastman I-J plates. 

The arrangement was the usual one according 
to Wood,—the cell, 6 cm X1.5 cm diameter, 
being placed horizontally in a Dewar flask with 
a concave mirror on the side of the cell opposite 
the are. 

The scattered lines fall somewhat long of 
44358, in a region of considerable continuous 
background from the incident spectrum, which 
tends to obscure weak Raman lines. This con- 
tinuous radiation and also the \4358 group were 


1 R. W. Wood, Phil. Mag. 7, 744 (1929). 
2 R. W. Wood and G. H. Dieke, Phys. Rev. 36, 1355 
(1930). 

+E. O. Salant and A. Sandow, Phys. Rev. 37, 373 (1931). 
‘E.O. Salant and D. Callihan, Phys. Rev. 43, 590 (1933). 
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reduced greatly by a filter of 0.25 g of methyl 
violet in a liter of water, without reducing the 
intensities of \A4047 and 4078 appreciably. 

HCl was prepared from NaCl and H.SO,, then 
dried in H2SO, and condensed in the cell. HBr 
was generated by heating NaBr in syrupy H3PQ,, 
then passed over red phosphorus, dried by 
CaCl, and P.O; and passed through cooled traps 
into the cell. Perfectly clear crystals were ob- 
tained and kept several hours. The temperatures 
in the crystals were a few degrees below the 
freezing points. In attempted experiments with 
HI, dissociation occurred too rapidly to obtain 
lines. 

Spectrograms and microphotometer curves of 
the Raman lines are reproduced in Figs. 1 and 2 
respectively. In the latter is included a curve of 
a liquid HCl line obtained during these experi- 
ments, appearing much sharper than that previ- 
ously reported,’ though the two were micro- 
photometered under identical conditions. The 
broadness of the earlier curve is attributed to 
continuous background, which is removed by 
the filter in the present experiments. 

The lines, as may be seen from the curves, 
appear broad ; the average values of the shifts of 
the edges from the parent lines being: 


Long wave edge Short wave edge 


vac. cm"! vac, cm! 
HCl 278443 274344 
HBr 2480+3 2449+4 


These values were determined by a Hartmann 
interpolation formula using 24,705 and 24,516 
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Fic. 1, Spectrograms of Raman lines, 
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Fic. 2. Microphotometric tracings of Raman lines. 


cm! for \\4047 and 4078. As with the gas 
and liquid states, the order of intensities is 
HCI <HBr. 

The separation of the two Raman lines (equal 
to the difference between \\4047 and 4078) on 
each spectrogram, is conclusive identification of 
the parent lines, so that the shift corresponds in 
order of magnitude to the (10) vibration of 
the molecules as given by Raman and infrared 
data’ in the gaseous states. 

The difference between the Raman frequencies 
of gaseous and solid HCl is too great to be 
entirely due to Lorentz-Lorenz forces, as calcu- 
lated according to Breit and Salant.® The calcu- 
lation gives approximately 3 cm™ for HCl as 
F. Meyer and A. A. Levin, Phys. Rev. 34, 44 (1929); 
Colby, Phys. Rev. 34, 53 (1929). 

O. Salant, Phys. Rev. 36, 871 (1930). 


W.F. 
6G. Breit and E. 


AND E. 
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compared to the experimental value 102 cm“, 
The calculated value of the Lorentz-Lorenz 
displacement for HBr would be about the same 
as that of HCI and hence is much smaller than 
the 78 cm measured result. A similar conclusion 
was drawn from comparison of gaseous and 
liquid data.* 

The positive results obtained from these 
scattering experiments lend weight to the nature 
of the crystalline structure of the hydrogen 
halides as non-ionic, contrary to that given by 
Natta.’ 


DISCUSSION 


It may be superfluous to remind the reader 
that the “‘Stokes’’ Raman band of a diatomic 
molecule is a Q branch and consequently the 
value of its high frequency edge (that is, the 
frequency difference between the exciting line 
and the long wave edge of the band as it appears 
on the plate) is the value of the (10) rotation- 
less vibrational transition and that, consequently, 
this edge coincides with the center of the 
vibration-rotation band as it appears in absorp- 
tion. This is seen clearly in the Raman bands of 
the gases of HCI and HBr.": ?: * 

In Fig. 3 (a) are reproductions of absorption 
bands of crystalline HCl measured by Hettner® 
and of a microphotometric tracing of the Raman 
band of crystalline HCl measured by us. (There 
is no relation between their respective ordinates. ) 
Surprisingly, the high frequency limit of the 
Raman band, 2784 cm“, agrees, not with the 
center of the two absorption bands, as would 
be expected if the two bands are P and R 
branches, but with the high frequency edge of 
the 2753 cm™ band. It might be concluded that 
the 2753 cm™ band is, accordingly, a Q and not 
an R branch; or, if the motions of the molecule 
transverse to its axis are vibratory rather than 
rotatory, that the 2784 cm band represents the 
frequency vy; of motion along the axis and not 
the combination v;+ 72, where v2 is the frequency 
of motion transverse to the axis. (The band at 
2712 cm~! would be the P branch, or v;— v2, on 
either interpretation of 2753.) But then the R 
branch, or »;+ v2, should appear at about 2856 
cm, and no such band is recorded by Hettner. 

7G. Natta, Nature 127, 235 (1931). 

8G. Hettner, Zeits. f. Physik 78, 141 (1932). 
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Nevertheless, this interpretation does remove 
a number of difficulties. Hettner pointed out 
that at T=87°K the 2753 cm band is less 
intense than the one at 2712 cm, an impossible 
intensity relation if the bands are P and R 
branches; if the selection rules are modified (by 
the intermolecular fields) so as to permit Q 
transitions, the P branch may be expected to be 
the more intense. Furthermore, the relative 
weakness of the 2712 cm band at T=20°K, 
noted by Hettner, is to be expected if it is a P 
and the other a Q branch. Hettner noted that 
the frequency v2, obtained from regarding the 
2753 cm band as 1+ 72, led to impossibly large 
heat capacities at low temperatures. But if 
vy3= 2784 cm™, then v2=72 cm™, and the contri- 
butions of this motion to the molecular heat 
capacity at constant volume always lie below 
the values calculated by Clusius® from his 
experimental data for C,, as they should. This 
appears in Fig. 4, where both 3 Einstein and 
2 Debye heat capacity functions of @=103° 
(v=72 cm~) are plotted (} for two degrees of 
freedom). The close correspondence of the Debye 
curve with the measured heat capacities over a 
considerable range of lower temperatures is to 
be observed.?® 

In Fig. 3 (a) and (b) are shown reproductions 
of Hettner’s curves at T=87°K and T=20°K 
drawn to the same scale. It is seen that, as the 
temperature is lowered, the maximum of the 
high frequency band shifts to higher frequencies, 
which it should if it is a Q branch, whereas it 
would shift to lower frequencies were it an R 
branch. 

Thus, calling the quantum number governing 
the transverse motions of the molecule, 7, and 
understanding that 7 may refer either to com- 
plete rotations or to pendulum motions of large 
or small amplitude, it would seem that, for this 
vibrational transition of HCl molecules in the 
crystalline state, Aj<0, but that transitions 
Aj>0 are forbidden. It is certainly not obvious 
how this is possible, but alternative suggestions 

°K. Clusius, Zeits. f. physik. Chemie B3, 41 (1929). 

10 Below the transition point, T=98°K, the heat ca- 
pacity contributions due to a frequency of about 200 cm™, 
taken as a mean lattice frequency, give good agreement, 
when combined with the contributions of the transverse 


72 cm, with C, values obtained from C, data of Clusius 
by means of the Nernst-Lindemann C,—C, formula. 
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Fic. 4. Unbroken curve, experimental C,; curve with 
even dashes, C,=% Debye function y=72 cm™; curve 
with long and short dashes C,=} Einstein function 
v=72 cm“, 


considered to explain coincidence of the 2753 
cm“ absorption band and the Raman band gave 
impossible values of the heat capacity at low 
temperatures and the wrong behavior of the 
absorption bands with change of temperature. 

We are indebted to Dr. R. L. Garman of the 
Chemistry Department of Washington Square 
College for the microphotometer curves. 
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In the July issue of Reviews of Modern Physics the 
writer has surveyed the literature as to intensity factors 
for the several methods of x-ray analysis. In this survey 
it was shown that both the atomic form factor F and the 
temperature factor e~™ properly enter into the so-called 
structure factor. Using the terminology of this survey one 
can distinguish then between the “regular” structure 
factor S, given by Eq. (51) of the survey, and what is 
here called the “‘reduced”’ structure factor So, given by 
SFe-™, It is highly important both to the pure physicist 
and to the industrial physicist to be able properly to get 


So out of S. How this is done is illustrated in this paper 
both for wurtzite or a-ZnS and for sphalerite or 6-ZnS. 
It was shown in the survey that the reason why it is 
necessary to operate with the reduced structure factor is 
on account of the phase differences between the waves 
diffracted by the several electrons of the same atom, 
reduced further by the levelling effect of temperature. 
How these levelling effects are carried out is here shown. 
On account of the good observational material available 
for wurtzite the calculations for this are shown first. 





I. CALCULATION OF REGULAR 
STRUCTURE FACTOR 


URTZITE is known! to be a hexagonal 

crystal having a= 3.84A with axial ratio 
2(2)}, giving c=6.28A. Its space group is C6,‘ 
Ewald and Hermann? give the literature pub- 
lished on wurtzite. I have taken the results of 
Fuller? as among the best, and the comparison 
between theory and experiment is made with his 
results alone. I illustrate first the calculation of 
the regular structure factor and later that of the 
reduced factor. Such calculations are much more 
easily made by operating with the revolving 
vector than by dealing with sines and cosines. 
On the other hand, the method of revolving 
vectors has no advantages for those crystals 
where symmetry considerations make either the 
sines or the cosines drop out everywhere. All 
basal pinacoids except those of even index are 
of zero intensity hence the first line on a powder 
photograph for wurtzite is due to face 1010. 
Wurtzite has two molecules of ZnS per unit cell, 
the atoms of zinc being located at the positions 


470, 344 and of sulphur at positions 33%, 334- 


1 Goldschmidt, Geochemische Verteilungsgesetze der Ele- 
ments, VIII; see reference 2. 


2 Ewald and Hermann, Strukturbericht, p. 128, 1913- 


1928. 
3M. L. Fuller, Phil. Mag. 8, 658 (1929). 


In the Survey,‘ page 186, the regular structure 
factor is shown to be 


S =D Z,e2rilerhturkterd) (1) 
r 
where x,y,2, are the coordinates of the yth atom 
and hki are the indices, here Bravais-Miller. In 
considering the face 1010 (usually written 10-0, 
where h+k+i=0) one can write in a sort of 
shorthand S=30[4, 3]+16[4, 3]= —46. Draw 
two concentric circles, one of radius 16, the 
atomic number of sulphur, the other of radius 30, 
the atomic number of zinc. Thinking in terms of 
the revolving vector we draw two vectors for 
zinc at positions 120° and 240° away from the 
positive X-axis. Similarly, we draw two vectors 
in exactly the same angular positions for sulphur. 
The resultant of the two zinc vectors is a single 
vector of magnitude 30 lying along the negative 
X-axis and that of the two sulphur vectors is a 
single vector of magnitude 16 lying in the same 
position as the zinc resultant. Hence the 
regular structure factor is S= —30—16= —46 
and |S|?=2116. Because of the influences of the 
atomic form factor and the temperature factor 
in reducing the structure factor and different 
amounts for different atoms I have found it con- 


4F. C. Blake, Rev. Mod. Phys. 5, 169 (1933). This 
article will be referred to as ‘‘Survey”’ throughout paper. 
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venient in Tables I and II to indicate the regular 
structure factor S as the sum of two separate 
quantities rather than as a single quantity. Of 
course, when the resultant vectors due to the zinc 
atoms and to the sulphur atoms separately do 
not lie along the same direction it is necessary to 
indicate S as a complex number. 

Again consider face 0002 (00-2) due to the 
basal pinacoids. Here Eq. (1) gives S=60—321 
at once, for the two zinc vectors lie along the 
positive X-axis and the two sulphur vectors 
along the negative Y-axis. In Fig. 1 it is con- 
venient in finding the resultant vector for the 
several faces there shown to draw two concentric 
circles, one of radius 30, the other of radius 16, 
or integral multiples of these numbers, hence in 
the figure corresponding circles look alike but 
may have different radii. 

Face 1011 (10-1) is typical of the more com- 
plicated patterns of revolving vectors. In my 
shorthand notation I write 


S=30[4, 3]+16[,4, 44]. (2) 


The reader can understand this in the following 


Face 010 


$*60+32 


(e) 


Face 1013 


C7, 


$*60-32 
Face 0004 


Face 1120 


Fic, 1. Wurtzite, a-ZnS. 


IN CRYSTAL ANALYSIS 


way. Eq. (1) gives 
S= 30[e2* i(/3-141/3 040-1) 
+ e2n il/3-141/3-041/2-1) ] 
+. 16[e2* i(1/3-1+1/3-0+8/8-1) 


+ e2ri(i/3-141/3 0+1/8-1)] 


= 30[e?* (1/3) +e? itt/6) | 


rs 16[e2*i7/24) 4 g2ri(it/24) ) (3) 


which may be shortened to the form given 
by (2) for the reason that the coefficient 
of 277i in the exponents of the Naperian base 
indicates the direction of the amplitude vec- 
tor. Thus in (2) the figures 3 and # state that 
the two zinc vectors lie along directions 120° 
and 60° away from the positive X-axis, these 
figures being in each case } and 3 of a complete 
rotation (360°). For the two sulphur vectors, on 
the other hand, we have rotations }4(=,%,) and 
31 that is, directions —105° and —165°. Draw- 
ing the vectors indicated in the third figure of 
Fig. 1, the resultant of the two zinc vectors gives 
a vector 51.96 (=52) along the positive Y-axis. 
The resultant of the two sulphur vectors gives a 
vector 27.7 along the direction —135°. This has 
the two components —19.6 and —19.6i. The 
final resultant, indicated in the figure, may 
accordingly be written S= 52i—19.6(1+72). There 
is nothing gained by writing this 32.41—19.6 
except for getting |S|? in column 6 of Table I, 
written S*®. For in getting the reduced structure 
factor S, one must take the resultant amplitude 
52 for the zinc atoms and multiply it by Fe-™ 
for zinc; again the resultant sulphur amplitude 
27.7 must be multiplied by Fe~™ for sulphur and 
this function Fe-™ is a function of the atomic 
number, directly in F and indirectly through the 
atomic weight in M. The reader should now be 
able to check for himself the resultant amplitude 
vectors in the other figures of Fig. 1. 

Going now to sphalerite or B-ZnS, it is 
known’ to be face-centered cubic of the diamond 
type containing four molecules, a being 5.43A. 
Its space’ group is 7°. The zinc atoms are at 
positions 000, 330, 303, 033,°and the sulphur 


atoms at positions }}4, 344, 344, 341, or vice 


versa. For all faces whose regular structure factor 


5 Reference 2, pp. 77 and 127; also reference 1, p. 28. 
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TABLE I. Wurizite, a-ZnS. 








(obs.) 
I(A I(A (Ful- IJ (calc.) 
omitted) included) ler) (Fuller) 


97.3 / 85.5 
30.3 \ 52 
100.0 

34.0 

74.4 

75.0 

11.6 

25.2 

16.2 

87 


e 


S So 


—30 —16 —36.2 
60 —32i 47.3 —23.5% 
§2.0i —19.6(1 +2) 26.01 — 14.0 
—30 + 16% —21.0+10.0% 
60 +32 56.5 
52.07 — 19.6(1 —i) 42.51 —10.3 
—30—16 26.1 
60 —32i 35.4 — 16.0% 
—52.0i+19.6(1+4) —20.3i+9.8 
60 —32 18.6 
—30 + 16% —16+3.6% 
—30+16 8.91 
—52.0i-19.6(1-i) —34.3i+8.1 
—30 —16 —21.1 
—52.0i+19.6(1+%) —17.61+7.6 
0 —32 16.5 


60 — . 

52.07 + 19.6(1 +2) 31.3% +-7.2 
—30+16% — 13.8 +5.9% 
—30+16 —8.0 

60 +32 37.8 
—52.0i+19.6(1—1) —29.2i+6.6 

60+32i 25.3 10.57 
—52.0i-—19.6(1—i) —15.0i—6.0 
—30 — 16% 
—30+16 

60 +32 
—30—16 


22 —45.1 ‘ 60 —32% 22.3 —8.7% 
22 —53.7 ° 52.0i —19.6(1 +7) 13.97 —5.3 
33 —41.4 . 60 +32 18.9 


39 —49.7 ‘ 60 +32 14.5 
$7 —55.1 P 60 +32 1.5 
64 —56.0 A 60 +32 6.4 


73 —53.8 A 60 +32 $.1 


75 —10.0 é 60 +32 4.9 
75 —20.0 : 60 +32: 
78 —4.0 A 60 +32 4.7 


\ ; 
of 80 —2.0 p 60 +32: 
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is other than zero there are only four possi- 
bilities, 120-64 or 120+64:. Consider the first 
face to give a reflection on the powder photo- 
graph, viz., 111. Draw two concentric circles of 
_ radii 120(=4 X30) and 64(=4X 16). (See Fig. 2.) 
Eq. (1) gives 4 Face Ill Face 200 
S = 30 [e20i0-140-140-1) 4 g2ri(h-1+$-140-1) 
=120+64 
sf eetri(h 140-14+b-D 4 92x iO-l+h-1+h-1) ] am 
$16 [e2riChe 1th -14+4-D 4 g2rih +E l+E1) 7 3 


2m i(d 1+} 144-1) 1 p2ei(h 1+} -14+F-1) 
e ri(t 4 ‘ é ‘4 ‘ 4 
+ + J; ( ) Face 220 Face 3/1 


which in my abbreviated notation may be written 


(5) $295.1-46.9. 


30[0, 0, 0, 0J+16(3, 4, 3, 2]. 
Eq. (5) shows that the four zinc atoms give 
amplitude vectors that superpose along the ‘iach dieiine iia eatealeiaaien 
positive X-axis and the four sulphur atoms give 
amplitude vectors that superpose along the Fic. 2. Sphalerite, 8-ZnS. 
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TABLE II. Sphalerite, B-ZnS. 








So 


I (calc.) 
A (omitted) (A incl.) 


I (calc.) I 
(obs.) 





6—31.0 


120 —64 95.1 —46.9% 
7 —30.8 48. 


120 —64 8.6 
120 +64 
120 +-64i 
120 —64 
120 +64 90.3 
120 —64i 58.9 —25.1i 
120 —64 32.3 

120 +64 75.9 

120 +64i 50.8 +20.6i 


120 +64 65.6 

120 +644 44.5 —17.5i 
120 +64 

120 —64 
120 +64 


120 +64: 
120 +64 

120 +647 
120 +64 41.8 
120 +64 38.6 


120 +64 34.5 
120 +64 31.5 
120 +64 29.6 


120 +64 27.0 


120 +64 23.1 
120+64 21.5 


120+64 19.7 


120+64 18.6 


120+64 16.1 
120+64 12.2 


120 +64 11.4 
120 +64 10.8 
120 —64i 8.98 — 1.51% 


106.9 
70.9 +324 
36.4 


57.4 
41.0 — 15.6% 
51.0 
36.5 £12.9% 
46.7 
32.9 +11.3% 


41—45.4 


45 —44.4 
47 —42.1 


49 —41.7 


51—40.6 


55 —47.3 
64 —57.7 


67 —36.2 
70 —32.5 
71—44.6 


33856 
18496 


73 —55.0 120 +64 10.1 33856 


75 —21.0 
78 —6.0 
80 —4.5 


80 —49.0 
84 —45.5 


18496 
33856 
18496 


33856 
33856 


120 = 64i 8.49 + 1.38% 
120 +64 9.5 
120 = 64i 7.98 +1.25% 


120 +64 9.2 
120+64 8.9 


100.0 100.0 100 
11.8 12.0 
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negative Y-axis, hence the resultant vector is 
S=120-—64i and |S|*, designated as S* in 
column 6 of Table II, becomes 120?+64?= 18496. 
The reader can readily check the vector diagrams 
for the other figures of Fig. 2, face 200 giving 
S=30[0, 0, 0, 0]+16[3, 3, 3, 3 ]=120—64, face 
220 giving S=30[0, 0, 0, 0]+16[0, 0, 0, 0] 
= 120+ 64, and face 311 giving S=30[0, 0, 0, 0] 
+16[4, 4, 3, 3 ]=120+647. Thus all possibilities 
are covered in these first four faces. 


II. CALCULATION OF REDUCED 
STRUCTURE FACTOR 


In the Survey, page 189, Fig. 26, there is 
shown plotted the atomic form factor for all the 
atoms for which the Thomas-Fermi distribution 


of electrons is justifiable. It is there (page 190) 
stated that probably this distribution holds for 
all atoms of atomic number greater than 23. 
Since for compounds the diffraction effects due 
to heavy atoms outweigh by far those due to 
light atoms, with zinc having atomic number 30 
and sulphur 16 one is safe in saying that for zinc 
sulphide the Thomas-Fermi distribution holds, 
hence Fig. 26 of the Survey applies. That figure 
is here reproduced as Fig. 2a. 

Consider now face 1010 for wurtzite. Using \ 
for molybdenum Ka-rays as 0.710A we get 
sin 6/X for this face to be 0.1504 where the 
factor 108 is balanced out in Fig. 2a as it is in the 
Survey, Fig. 26, on account of its reciprocal 
being implied in the value of a. Now the ‘“‘ground- 
length” a (Survey, page 189) for zinc is 
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Fic. 2a. 


a=0.466/30'=0.1499A while that for sulphur 
is a=0.466/16!=0.1850A. Hence the value of 
the abscissa u in Fig. 2a is 


Ugn = 4m sin 0/X+Azn = 2.653 sin 0 


ug=4n sin 0/A-ag =3.274 sin 0 


while 6) 
Eq. (6) gives for face 1010 uz,=0.2835 and 
us= 0.3498. Reading off from Fig. 2a we get 
Fzn=0.815 while Fs= 0.770. Thus if there were 
no effect due to temperature the atomic form 
factor would reduce our value of S from — 30—16 
to —30-0.815 —16-0.770= — 36.8. , 

Using Debye’s formula for the temperature 
effect (Survey Eq. (22)) we get 


M =6h?/mk@-sin? 6/d2{o(x)/x+2}. (7) 


As stated by Professor Debye, this formula holds 
for atoms of a single kind only. However, I 
have used it as if it held for compounds, such as 
zinc sulphide. In Eq. (7) the fact that the mass 
of the atom appears in the denominator means 
that M is larger for sulphur than for zinc, and 
this means that the influence of temperature on 
the diffraction due to the sulphur atoms is more 
dissipant than on that due to the zinc atoms, a 
thing which surely must be in keeping with the 
physics of the situation, at least in large part. 
But this would take us back rather to the point 
of view of Debye’s earlier papers, previous to the 
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improvement made by Born and Karman 
(Survey, page 175). Hence it is discussed again 
after the comparison is made between calculation 
and observation in the case of wurtzite (see 
below). 

I have taken © for zinc sulphide to be 325° 
absolute and T (room temperature) to be 22°C 
= 295° absolute, giving x in Eq. (7) to be 1.102. 
Thus M for zinc is evaluated as 


6- (6.55 10-27)? 
~ 65.38- 1.649 X 10-%- 1.371 X 10-8 
(~~ . ! sin? 6 


5 eee | 
1.102 ” 





Moan 


» (8) 


which for molybdenum Ka-rays becomes M;z, 
= 0.998 sin? 6. Substituting the atomic weight 
(32.06) for sulphur for that of zinc we get 
M,= 2.030 sin? 6. In Eq. (8) the factor 0.758 is 
¢(x) for x=1.102, interpolated from Survey, 
Table I. Thus for face 1010 e~™” for zinc is 0.989 
while that for sulphur is 0.977. Thus (Fe) z, 
= 0.806 and (Fe-”),=0.752, giving So= SFe-™ 
= — 30-0.806—16-0.752= —36.2 instead _ of 
— 36.8, obtained when the temperature effect is 
ignored, showing, as is well known, that the 
diffusion or dissipance of the lines on a powder 
photograph due to temperature is small for sin @ 
small. Further illustration of temperature cal- * 
culations is unnecessary; one simply takes - 


Mzn=0.998 sin? #, Ms=2.030sin?@, (9) 


looks up e~™ in a table and makes the calcula- 
tions as above. 

However, I deem it worth while to illustrate 
for face 1011 how the factor Fe-™ reduces S 
from the value 52.0i—19.6(1+72) to 26.07 —14.0. 
We find for this face Mz,=0.01457 while Ms, 
= (0.02965, giving e-™ for zinc to be 0.986 and 
e-™ for sulphur to be 0.970. But wu for zinc is 
found from (6) to be 0.3208 and for sulphur to 
be 0.3958, giving Fz,=0.780 and Fs=0.735. 
Now it is obvious from Fig. 1 (y) that it makes 
no difference whether I reduce each zinc com- 
ponent by multiplying it by 0.780- 0.986(= 0.769) 
and each sulphur component by 0.735-0.970 
(= 0.713) and then take resultants or whether I 
apply these figures respectively to the resultants 
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already taken. Hence we get So for face 1011 to 
be 


52i-0.769 —19.6(1+7)-0.713 
= 40.01 — 14.0(1+7) = 26.07 — 14.0. 


The reader now sees how the reduced structure 
factor is obtained from the regular structure 
factor and can readily check for himself the 
values of S and Sy in Table I for wurtzite. The 
method is identical for sphalerite. I happen to 
have made the calculations in a somewhat dif- 
ferent way than for wurtzite. Using the Bragg 
law, mA=2d sin @ and remembering 
d=a/(h?+k?+/?)!=a/r, say, we get u,:=47a1 
sin 6/X=47a,r/2a, where a; is the ground length 
for zinc and a is the edge of the cubic lattice. 
Calling u2 the corresponding u for sulphur we 
get Uu2=4mder/2a. One can calculate 27ai/a and 
2ma2/a once for all, which give the u’s for each 
face when multiplied by its corresponding 7. I 
have ignored for the time being the possibility 
that the elastic spectrum for hexagonal crystals 


TABLE III. 
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that © 


325 


may not necessarily be the same as for cubic 
crystals and have used (9) both for wurtzite and 
sphalerite. We get then for face 111 of sphalerite 
ui,= 0.3004 and u2= 0.3708, giving F:= 0.803 and 
F,= 0.754. Now M,=0.01286 and M2.=0.02615, 
giving e-:= 0.987 and e~-”:=0.973. Thus Fye™: 
=0.792 and Fr,e-”:=0.733. Whence 


So= 120-0.792 —64i-0.733=95.1—46.97. 


The reduced structure factor for the other faces 
follow equally easily. I have collected into tables, 
Tables III and IV, the quantities that are useful 
in getting the reduced structure factor after the 
regular structure has been obtained, both for 
wurtzite and sphalerite. 

I have also inserted in Tables I and II not 
only S and Sy but also S? and S,’, written without 
the absolute value signs and then S,?/S*. It is 
interesting to see how this fraction bobs up and 
down both for wurtzite and for sphalerite when 
plotted against sin @, as shown in Figs. 3 and 4. 
It should be stated that in Tables I and III no 
lines are omitted through face 13-1, but beyond 


Wurizite. 








Fie-M1 Fee-M 





COPNAENOWONEN 
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BROENOH OOH OOOCHENASCOHAUNADORKARE 
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0.806 0.75 
-792 . 
-768 
.702 
-646 
-620 
-598 
-590 
.579 
.569 
535 
.534 
-505 
-493 
484 
-478 
-464 
-460 
-454 
445 
435 


.422 


405 
-402 
-396 
.390 
374 
371 
-369 
.239 


-189 
-104 
-087 


.073 
071 
071 
.069 
-066 
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TABLE IV. Sphalerite. 








Fe 


M, J M2 Fye-M1 Fre-M 





-712 
598 
-550 
535 
-494 
-462 
-456 


0.0129 1 0.0262 0.792 0.735 
0171 F ‘ 7 -965 771 -687 
-0341 -96: d d -643 -558 
-0469 -953 d d 591 -500 

.570 -486 
521 
491 
-483 
-448 


-423 


-390 
371 
-347 
-342 








that only certain lines are inserted to see how 
matters go for large angles. Similarly in Tables 
II and IV there are no lines omitted as far as 
face 800, but beyond that only certain lines are 
recorded, for the reason just given. Perhaps the 
most interesting feature of Figs. 3 and 4 is the 
sharp variations of S,?/S* for faces having @ 
small: Up to the value of sin @ where omissions 
occur, 77z., 0.3890 for wurtzite and 0.5230 for 
sphalerite, in these figures successive points are 
joined by short straight lines. The peaked char- 
acter shown in Fig. 3 for those faces having 
L=4 stands out very prominently, but unfor- 
tunately in Mr. Fuller’s paper reflections from 
those faces are not recorded, presumably because 
they were too weak to observe as shown by the 
intensity calculations recorded in columns 12 and 
13 of Table I. For sphalerite we find similar 


peaks for faces 200, 222 and 420, and again 
columns 12 and 13 show them to be relatively 
weak in intensity. Conversely in Fig. 3 negative 
peaks might be said to be present for faces 20-1 
and 20-2, and again they appear weak, for 
Fuller has observed intensity only about one- 
third that (correctly) calculated for 20-1, and 
20-2 was not recorded. Omitting the peaks in 
both figures one can draw approximately smooth 
curves through the other points which clearly 
reveal the way both intra-atomic phase differ- 
ences and diffusion or scattering due to tem- 
perature pull the reflection intensities down for 
increasing 0. 

It could, of course, be successfully argued that 
the reason these peaks occur in Figs. 3 and 4 is 
that the temperature factor as applied in this 
paper, known to be based upon a theory built 
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Fic. 3. Plot of [Reduced Structure Factor/Original Structure Factor} versus sin 6 for wurtzite 
or a-ZnS, (A=0.710A.) 
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Fic. 4. Plot of [Reduced Structure Factor/Original Structure Factor } versus sin 6 for sphalerite 
or B-ZnS. (A=0.710A.) 
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upon one kind of atom only, is wrong and this 
in the long run may turn out to be the case. 
I have not had time, as yet, to try Waller’s 
theory (Survey, page 176) of the temperature 
effect for crystals containing atoms of different 
kinds, but I mean to do this. It should be ex- 
pected that the elastic constants of wurtzite and 
sphalerite are quite different. If the elastic data 
for these crystals are accurately known it will be 
interesting to see whether Waller’s theory will 
make smooth curves out of Figs. 3 and 4. 

Also recorded in Tables I and II are the values 
of the other factors occurring in the intensity 
formula (Survey, Eq. (73) or (74)); 2 is the form 
or multiplicity factor, 6 the combined Thomson- 
Lorentz factor, and A the absorption factor. 


III. COMPARISON WITH EXPERIMENT 


I have searched the literature for observations 
on sphalerite but have found nothing quantita- 
tive, Lehmann’s® results, taken with copper rays, 
being qualitative. Accordingly I have run a 
powder sample of it, the crystal being kindly 
furnished me by Professor W. J. McCaughey. 
The results are shown in Table II. The last 
column shows the observed results, run on the 
photoelectric densitometer. Both a short ex- 
posure and a long exposure were made and 
allowance thereby made for overblackening of 
the first few lines, by the method given in the 
Survey (page 192). Just as was there (page 194) 
found, Table II shows about as good agreement 
with the calculated value, treating the absorption 
factor as constant, as with this value when 
allowance is made for absorption. 

There is, of course, the possibility that the 
difference between theory and experiment, both 
in- Table II and in the monograph, is due to 
inability properly to correct for extinction, 
especially primary extinction. Before this can be 
determined a special investigation must be made, 
and this is now under way. 

There is good agreement found also for 
wurtzite where I have chosen Fuller’s observa- 
tions rather than those of Ulrich and Zachari- 
asen,’ for Fuller shows that they had as working 


6W. M. Lehmann, Zeits. f. Krist. 60, 379 (1924); see 
also reference 1, p. 127. 

7F. Ulrich and W. Zachariasen, Zeits. f. Krist. 62, 260 
(1925). 
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material a mixture of wurtzite and sphalerite 
while he took special care to have no sphalerite 
in his sample. Column 14 of Table I gives 
Fuller’s results for two samples which I have 
weighted equally. Column 15 gives his calculated 
results based on Wyckoff’s formula. In column 
12 of both Tables I and II the intensity is cal- 
culated on the assumption that the absorption 
factor is constant, while column 13 is calculated 
for both tables assuming the radius of the sample 
to be 0.2 mm and @, the characteristic temper- 
ature of zinc sulphide, to be 325°. This makes 
ur=3 and the corresponding curve of Fig. 10, 
Survey, applies. The reader will readily admit 
the improvement of either column 12 or 13 over 
column 15 when compared with Fuller’s ob- 
servations, column 14. It should be stated that 
Fuller’s observational material was obtained by 
visual inspection only. The writer desires to em- 
phasize that the present status of our knowledge 
of the absorption factor as one important factor 
in the intensity formula can only be advanced 
by quantitative rather than qualitative measure- 
ments and recommends that more experimenters 
employ densitometers in their work. As shown 
by Tables I and II, the total effect on the ab- 
sorption factor as @ is changed from 6° to 90° is 
600 percent, and it would have been even more 
had I chosen the radius of the sample larger so 
as to use a curve of Fig. 10, Survey, below that 
used. Nevertheless it is difficult in Table I to say 
whether column 12 or column 13 is in better 
agreement with column 14. Certain remarks are 
in order. Any visual inspection method will 
underestimate the intensities of lines close in as 
compared with those farther away because of 
the greater general blackening close in. Hence it 
is unproved that line 10-3 is the. strongest line 
on the powder photograph as Fuller gives it. 
The total range of @ in Fuller’s observations was 
only 21° and in this range the change in A was 
only 66 percent, hence either column 12 or 13 
appears almost equally good, when compared 
with column 14, though considering the quali- 
tative character of the latter it certainly cannot 
be said that 12 is better than 13. We must await 
further experimental work. 

It should be remarked, also, that, for zinc 
sulphide at least, when molybdenum rays are 
used even the A factor does not pull the intensity 
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up sufficiently for values of @ near 90° to be 
able to observe such lines on a powder photo- 
graph. The matter could be helped by having a 
sample tube of larger radius. The case would be 
far different were copper rays used as shown by 
the Survey, page 195. 


IV. Discussion 


Certain readers will surely question the 
methods followed in this paper for getting the 
reduced structure factor when they recall that 
Debye’s formula, Eq. (7), was worked out on 
the basis that the crystal lattice contained only 
one kind of atom. I have not attempted to insert 
a column in Tables I and II on the basis that I 
took an atom that would have an atomic number 
which is the mean between sulphur and zinc. 
Possibly an arithmetic mean, certainly a sort of 
center of gravity mean (preponderance of 
weighting in favor of the heavier atom), would 
give results very similar to columns 12 and 13. 
To do this would be rather futile until the obser- 
vational material for compounds becomes quan- 
titative. If and when it does, and if the other 
factors of the intensity formula are clinched 
experimentally as satisfactory, one could then 
throw light on the correct theory of the influence 
of temperature on the scattering power of dif- 
ferent atoms. Certainly it seems reasonable that 
increasing temperature will cause lighter atoms 
to throw more of their energy, relatively, into 
the general blackening than heavier atoms will, 
leaving less in the Bragg reflection position—the 
calculations in this paper were made from this 
point of view. 

The industrial x-ray analyst, desirous of 
improving his methods, is apt to balk at the 
labor involved in order to get the correct relative 
intensities on his powder photographs. Should 
he use the Debye-Scherrer-Hull method he will 
have to interpolate from Survey, Fig. 10, to get 
the correct A factor, depending upon his values 
of uw and r. Probably he will not be seriously in 
error, provided he is using \=0.710A, after he 
has calculated the first few lines on his photo- 
graph, to plot them and get the average value 
of S,?/S? (similar to Figs. 3 and 4) and extra- 
polate this value to larger values of 6. This paper 
lends support to the view that in general the 
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scattering power of an atom, at least for atoms 
that do not interpenetrate, is independent of its 
physical state, for the scattering power of atoms 
obtained from gases seems to hold for crystals 
also. 

In a recent paper Claassen and Burgers® have 
shown by means of x-rays the presence of a new 
intermetallic compound of zirconium and tung- 
sten, viz. ZrWs2. It is interesting that the absorp- 
tion factor covers a range of 4700 percent 
between the first, or 111, face and the last, or 
844, face. They state that they chose the tem- 
perature factor such that there was agreement 
between theory and experiment at the beginning 
and end of the film, thereby obtaining a value of 
the coefficient B for the temperature factor 
e~® sin? 0, that is twice as great for the zirconium 
tungstide as for the value calculated for metallic 
tungsten, a result that is plausible considering 
the fact that ZrW, is lighter than W. This, of 


course, in no way precludes another factor or 


correction such as the extinction factor or the 
background factor being present, but is con- 
sidered as absorbed into the temperature factor. 
Attempts are now being made to see whether the 
background factor (Survey, page 199) is confused 
in some way with the extinction correction 
factor, if present, in our experiments. 

Coster, Knol and Prins® have shown for zinc 
blende both theoretically and experimentally 
that the structure factor for the octahedral (111) 
faces changes across the K-absorption limit for 
zinc. The K-absorption limit for zinc being at 
1.281A, they show that for gold Lae(A= 1.285A) 
the Zn and S scatter in phase with each other, 
while for gold La;(A=1.273A) there is a phase 
difference of 103 degrees for the scattering from 
the zinc and sulphur atoms. Since we have used 
for zinc-blende x-rays from a molybdenum 
target, there can not be appreciable phase 
changes. Coster and Knol! have shown that 
the phase changes for reflections from iron and 
aluminum are not over 43 degrees, for \=0.710A 
for changes of sin @/X from 0 to 1. Since the 


ratio of atomic numbers for iron and aluminum 


8 Claassen and Burgers, Zeits. f. Krist. A86, 100 (1933). 

® Coster, Knol and Prins, Zeits. f. Physik 63, 345 (1930). 
See also J. A. Prins, Zeits. f. Physik 47, 479 (1928). 

10 Coster and Knol, Proc. Roy. Soc. A139, 459 (1933). 
See also Coster and Knol, Zeits. f. Physik 75, 340 (1932). 
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is 2 to 1 and that for zinc and sulphur is some- 
what less than this, we are safe in ignoring such 
possible phase differences for sphalerite. 


V. ADDENDA 


1. It is interesting to note that the density of 
wurtzite and of sphalerite is the same, viz. 4.01. 
For the volume of unit cell for wurtzite is 
3.84?-sin 60°-6.28A*= 80.20A%, while the corre- 
sponding mass is 2(65.38+32.06)1.649 x 10-*4 
= 321.3610-*4 g per unit cell. The volume of 
unit cell for sphalerite is (5.43A)*=160.1A° 
while its mass is 642.72. Evidently if a@ for 
wurtzite is accurately 3.84A and 2(2)! is the 
correct axial ratio, the edge of the cube for 
sphalerite should be (160.40)'=5.433A. Fuller 
gives for the dimensions of the unit cell of 
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wurtzite a=3.811+0.004A, c=6.234+0.006A, 
c/a=1.636 instead of 1.6328(=1.633)A. From 
these figures the volume per unit cell is 78.40A°. 

2. To get wr=3 for ZnS we have (NA)za 
= 30-0.710=21.3, (NA) s=16-0.710= 11.4, 
giving (u-L),!! for zinc 119 and (u.L), for sulphur 
19.9. Thus 


m 30-119 im 16-19.9 
(*) Pcie (*) - =9,94 
pJ an 65.38 pJs5 32.06 


m 65.38 -54.7+32.06-9.94 
Therefore (*) = 
zns 65.38+32.06 


p 
= 38.0, giving w=152. 





Now r was taken as 0.2 mm, hence ur=3. 


11 For notation see Jonsson, Uppsala Dissertation, 1928. 
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Electron diffraction has been obtained by the trans- 
mission of electrons (20-35 kv) through molecular beams 
of N2O, NOo, NO, and N2O;. The molecular structure 
determinations were made by using the complete electron 
scattering formula including the incoherent scattering. 
The results can be summarized as follows: (1) Nitrous 
oxide; for a linear model the separation of the end atoms 
was found to be 2.38+0.05A in exact agreement with 
Wierl’s measurement on this structure. Unfortunately it is 
impracticable to distinguish between models of the form 
N—O-—N and N—N-—O. (2) Nitrogen dioxide; no diffrac- 
tion rings were observed which is to be expected if the 


molecule is triangular with the N —O distance 1.15 to 1.3A. 
(3) Nitrogen tetroxide; the presence of one diffraction ring 
at (1/A) sin 6/2=0.455+0.01 lead to the conclusion that 
the N—N distance is 1.6 to 1.7A for the model O2N — NOx. 
No definite angular relationship between the two planes 
containing the NO, groups could be determined. (4) 
Nitrogen pentoxide; again only one diffraction ring was 
observed. It occurred at a slightly greater angle than for 
N20, giving {1/A) sin 6/2 =0.474+0.004. The symmetrical 
model O2:N —O—NOz with the N—O distance 1.3 to 1.4A 
gave a calculated interference pattern in best agreement 
with this result. 





HE diffraction of electrons by gases has 
been used as a method for determining the 
structure of molecules.! This analysis involves 
the interference theory originally developed for 
coherent x-ray scattering with the inclusion of 
the atomic electron scattering amplitudes. The 
importance of the incoherent electron scattering 
has been determined theoretically by Morse? 
and later summarized by Bewilogua.* For the 
purpose of obtaining nuclear separations it is 
usually unnecessary to consider the incoherent 
scattering ; however, in some instances it should 
be included. These considerations will be dis- 
cussed in the present work and a treatment of 
the structure determinations of the nitrogen 
oxides will be undertaken. 
The angular distribution of coherent electron 
scattering can be expressed in the following 


1R. Wierl, Ann. d. Physik 8, 521 (1931); 13, 453 (1932); 
Hengstenberg and Bri, Anales, Soc. Espana. Fis. y Quim. 
30, 341 (1932); 31, 115 (1933); L. O. Brockway and Linus 
Pauling, Proc. Nat. Acad. Sci. 19, pp. 68 and 860 (1933); 
L. O. Brockway, ibid. 19, 303 (1933); 19, 868 (1933); 
S. B. Hendricks, Louis R. Maxwell, V. M. Mosley and 
M. E. Jefferson, J. Chem. Phys. 1, 549 (1933); Ralph W. 
Dornte, J. Chem. Phys. 1, 566 and 630 (1933); J. Am. 
Chem. Soc. 55, 4126 (1933); H. Braune and S. Knoke, 
Zeits. f. physik. Chemie B21, 297 (1933). 

* Ph. M. Morse, Phys. Zeits. 33, 443 (1932). 

3L. Bewilogua, Phys. Zeits. 33, 688 (1932). 


manner :* 


n n 
I(x)~X Lv;(sin x4) /xi;, 

i=1 j=1 
where J(x) is the intensity of scattering at angle 
6 per unit intensity of the primary beam at 
unit distance from the scattering molecule, while 
xi; =4nl;;(sin 6/2)/. Recent workers® have sim- 
plified this expression to the extent of replacing 
the scattering amplitude ¥;=Z;—F;/ (sin 6/2)? 
by simply Z; (atomic number), an approximation 
although justifiable in some cases cannot be 
generally applied as will be shown below. A 
more complete electron scattering formula can 
be written as follows: 





I(x)= x 
((sin 6/2)/n)4 


a 8 sin x 
b DX (Z:— Fi)(Z;— F;) 


i=l j=1 


where v;=4rb;(sin 0/2)/ while }; is expressed 
in Angstroms and represents the characteristic 


4Cf., J. Chem. Phys. 1, 549 (1933). 

5 R. Wierl, Ann. d. Physik 13, 453 (1932); L. O. Brock- 
way and Linus Pauling, reference 1; Ralph W. Dornte, 
J. Am. Chem. Soc. 55, 4126 (1933). 

6 L. Bewilogua, reference 3; also see Phys. Zeits. 32, 740 
(1931). 
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Intensity Equations 


Tex) = agp (OF) +200-FoF+ 310%) 


+2(8-Fo)(7-Fr)( GE? + $22) +2x75p + 1x89] 


sin2 x) 


Fic. 1. Theoretical electron scattering curves for N2O where x=47(1.1A) (sin 0/2)/d. 


atomic length for incoherent scattering and is 
given by 6;=0.176/Z;'. S(v;) isa function of the 
parameter v; which has the value 0 for v;=0 but 
converges to unity for large values of »;. k is a 
constant. The second term in the above equation 
expresses the amount of incoherent scattering. 

The experimental apparatus used has already 
been described,’ in which 20-35 kv cathode rays 
were projected through the beam of molecules 
under consideration. Scattering produced at 
small angles was recorded on a photographic 
plate located 26.2 cm from the scattering region 
and the diameter of the diffraction rings were 
measured by means of a recording micropho- 
tometer. 


Nitrous OXIDE 


Wierl® has obtained electron scattering from 
N.O and found a diffraction ring occurring at 
(1/X) sin 6/2=0.468 giving an N—N distance 
of 2.38+0.06A for a model of the form N—O—N. 
This result has been confirmed in the present 
work in which case a value of (1/A) sin 6/2 
=0.465+0.01 was obtained. Unfortunately it is 
very difficult to distinguish between the two 
possible linear forms of the molecule as illustrated 
in Fig. 1. The calculations are represented by 
the curves for the two cases and the formulas 
used are also shown. F;, the atomic scattering 
factors were obtained from the calculated values 
of James and Brindley. The two curves are 
practically indistinguishable and therefore make 


7S. B. Hendricks, Louis R. Maxwell, V. M. Mosley 
and M. E. Jefferson, J. Chem. Phys. 1, 549 (1933). 

8 R. Wierl, reference 1. 

9R. W. James and G. W. Brindley, Phil. Mag. 12, 81 
(1931). 


differentiation between the two forms very 
difficult. This is caused by the fact that the 
nitrogen and oxygen atoms scatter in nearly the 
same manner so that interchanging them does 
not alter materially the intensity curves. Like- 
wise for the molecular models to be considered 
below, although reasonable allocations have been 
given to the nitrogen atoms, the electron diffrac- 
tion methods cannot exclude the possibility of 
other arrangements for the nitrogen atoms with 
the same interatomic distances. 

Additional information on the structure of 
N.O has been determined from other sources as 
follows: Band Spectra. From an investigation of 
the infrared spectrum of N2O Snow'® concluded 
that the molecule is linear and has the sym- 
metrical form N—O-—N. Later Plyler and 
Barker" extended the range of wave-lengths to 
include a number of bands not previously ob- 
tained. From the properties of the spectrum 
they found that the model N—N-—O agreed 
more precisely with the observation than either 
the N—O—N structure or the triangular model. 
Badger on calculating the moment of inertia from 
Plyler and Barker’s data arrived at the value of 
66.7 10-*° g cm? which has been used by 
Pauling” to give a structure resonating between 
the Lewis structures :N::N::0: and :N:::N:0: 
where the N—N and N—O distances are 1.10 
and 1.22A, respectively, consistent with the 
electron diffraction results. (2) Electric Moment. 


There is some disagreement among various 


10 C, P. Snow, Proc. Roy. Soc. A128, 294 (1930). 

1 FE. K. Plyler and E. F. Barker, Phys. Rev. 38, 1827 
(1931). 

Linus Pauling, Proc. Nat. Acad. Sci. 18, 293, 4% 
(1932). 





ELECTRON DIFFRACTION 


workers on the value of the permanent electric 
moment of NO. Braunmiihl® obtained a value 
of 0.25X10-'* while later Ghosh, Mahanti and 
Mukherjee" as well as Schwingel and Williams” 
concluded that the electric moment is zero. 
However, recently Watson, Rao and Rama- 
swamy” find that the moment is not zero but 
has the small value of 0.17 10-'*. On the basis 
of a finite electric moment the model N—N—O 
appears to be most probable. 


NITROGEN DIOXIDE 


In the case of scattering from NOs it was 
necessary to shift the equilibrium, 2NO2sN20, 
toward high concentrations of NOe. This was 
accomplished by streaming the vapor through a 
heating bath at approximately 175°C and then 
to the diffraction apparatus where the walls and 
tip of the molecular jet were maintained at about 
150°C. Under these conditions the scattering 
observed was produced by NO, and photographs 
were taken with voltages ranging from 27 to 
36 kv. From thirteen exposures there were 
obtained no visible diffraction rings within the 
range of (1/A) sin 6/2 from 0 to 0.6. Micro- 
photometer records made on three typical plates 
also showed no evidence of rings. 

Fig. 2 shows the results of the calculations 
made for the determination of the structure of 
this molecule. As in the previous case the 
incoherent scattering has been included. From 
the set of curves obtained it is seen that curves 
Nos. 4 and 9 show no maxima while No. 3 
exhibits only a faint prominence. The experi- 
mental results are not sufficient to distinguish 
among these three curves so that the photo- 
graphs are in agreement with any of the following 
forms: 


N—O=1.15A, 
N-—O=1.15A, 
N —O=1.30A, 


a=170° 
a= 90° 
a= 90° 


’V. Braunmiihl, Phys. Zeits. 28, 141 (1927). 

4 P. N. Ghosh, P. C. Mahanti and B. C. Mukherjee, 
Zeits. f. Physik 58, 200 (1929). 

*C. H. Schwingel and J. W. Williams, Phys. Rev. 35, 
855 (1933). 

’° For a more complete discussion of the electric moment 
of NO see H. E. Watson, G. G. Rao and K. L. Rama- 
swamy, Proc. Roy. Soc. A143, 558 (1934). 
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Fic. 2. Theoretical electron scattering curves for various 
models of NO2 where x =4ry (sin8/2)/d. 


-Total | 


Intensity (Arbitrary Scale) 


~ 


\ Coherent 


‘ ~ 


~s4L ¥™ Incoherent 


AB 207 276 - AIS 484 553 422 


oy singe 
a 


Fic. 3. Theoretical electron scattering curves for NOz 
illustrating an instance where the prominence of the 
diffraction ring is considerably decreased by the intro- 
duction of the incoherent scattering. Similar curves for 
benzene have been computed by Bewilogua.* 


which are considered to be the most likely 
structures of the molecule. 

An example of the effectiveness of the inco- 
herent scattering in reducing the prominence of 
the diffraction ring as computed by only the 
coherent scattering is illustrated in Fig. 3. Thus 
the use of incoherent scattering causes the model 
N—O=1.15A, a=120° to come within the 
possible structures consistent with the experi- 
ments that otherwise would have been excluded. 
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TABLE I. Comparison of various methods used for determining the theoretical position of electron diffraction rings. 























Molecule Position of Diffraction Ring (x) - 
Error 
introduced 
Coherent Approximate Complete by approx. 
NO, scattering! solution? solution? sol. 
a= 90°, N—O=1.15A 6.0 (weak) 7.6 none — 
a=120°, N—O=1.15A io 8.0 7.5 (very weak) 6.7% 
a=150°, N—O=1.15A TA 7.5 tt 5.6% 
a= 90°, N—O=1.30A none 7.6 none -- 
a=120°, N—-O=1.30A 7.5 8.0 7.58 5.5% 
a=150°, N—O=1.30A 7.1 7.5 ta 4.2% 








1 y; expressed completely. 


2 Coherent scattering with ¥; replaced by Z;, incoherent scattering omitted. 
3 Both coherent and incoherent scattering included with ¥,; expressed completely. 


Table I shows a comparison of the different 
methods used for computing the diameter of the 
diffraction rings. The error introduced by the 
simplified treatment varies from 4 to 6 percent 
for the cases considered here and is not sufh- 
ciently exact to indicate those models which will 
produce no interference maxima. Considerable 
information is thereby lost by such treatment 
since the absence of diffraction rings may be 
equally important for structure determinations. 
From a consideration of the values of the 
dielectric constant and index of refraction of 
NOz Ghosh and Mahanti!’ have predicted that 
the molecule is not linear and that the electric 
moment should be 0.621078, while recently 
Zahn'® has found the electric moment to be 
0.3 10-18 agreeing with a triangular model. 
From studies of the infrared absorption spectra 
Bailey and Cassie!® suggested that the molecule 
is linear with an N —O distance of 1.1A, a model 
which is definitely excluded by the electron 
diffraction results. Whereas Harris, Benedict 
and King?® who examined the absorption bands 
of NOs under high resolution conclude that the 
molecule is not arranged in a linear form. 


NITROGEN TETROXIDE 


In order to obtain electron diffraction from 
N.O, the heating bath and molecular jet were 


17 P. N. Ghosh and P. C. Mahanti, Phys. Zeits. 30, 531 
(1929). 

18 C, T. Zahn, Phys. Zeits. 34, 461 (1933). 

19C, R. Bailey and A. B. D. Cassie, Nature 131, 239 
(1933). 

20 Louis Harris, W. S. Benedict and G. W. King, Nature 
131, 621 (1933). 


permitted to cool down to room temperature. 
The source of liquid N2O, in the boiler was 
maintained at approximately its boiling point 
21.5°C or atmospheric pressure, in which case 
there exists a mixture of 75 percent NO, and 
25 percent NOs. However, this pressure was 
reduced before the gas reached the molecular jet 
and was further reduced at the region in the 
diffraction chamber where the scattering oc- 
curred. Under these conditions a diffraction ring 
was obtained which is illustrated by the micro- 
photometer record shown in Fig. 4. 

Fourteen photographs were taken for wave- 
lengths varying from 0.066A to 0.073A and the 
average value of (1/A) sin 6/2 was found to be 
0.455+0.01. A complete set of calculated scat- 
tering curves are shown in Fig. 5, together with 
the position of the experimental diffraction ring 
for comparison. Since these computations were 
made for pure NO, a direct comparison is not 
justifiable until the amount and effect of NO» 
present is determined. The concentration of NO: 
can be obtained from an estimate of the pressure 
in the diffraction region. Lenard” has found a 




















Fic. 4. Densitometer record for N2O.. 


21 P, Lenard, Ann. d. Physik 12, 714 (1903). 
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TABLE II. Theoretical electron diffraction maxima from N20, NO» mixtures. 











Model No. 


Position of Maximum (x) 








of N2O, 100% N2O, 50% N204, 50% NO» 25% N204, 75% NO2 10% N2O4, 90% NO» 
1 is 7.5 7.45 7.5 
2 8.1 8.0 8.05 none 
3 6.8 7.0 7.05 5 
6 7.4 7.3 7.2 7.6 (weak) 
7 6.4 6.45 none none 
8 7.0 7.0 6.9 sag 
9 6.5 6.8 7.0 (weak) vs 
10 6.0 6.1 none ai 








Experimental position 6.58+0.16; Model No. 3 used for NOs. 


value of 0.005 cm~ per mm Hg for the specific 
absorption coefficient of air for 30 kv electrons. 
Assuming that air has approximately the same 
absorption as N2xO,=2NOzg, it is then possible to 
estimate the pressure of the diffraction region. 
The diameter of the opening in the molecular jet 
was 0.4 mm with the beam diverging in a manner 
approximating the cosine distribution law. The 
electron beam clears the opening of the jet by 
less than 3 mm so that the depth of the beam at 
the point of scattering can be taken to be about 
2mm. If one further assumes that the primary 
beam intensity is decreased by 10 percent in 
order to yield a diffraction pattern then the 
pressure in the diffraction region using Lenard’s 





Molecular 
Model / \ 
Intensity Toopsaiys|etr ale Se) NHN Be # 3) 
Equation +4(6-5Y i+ + SAYA, WA) 4 x85, . 275, 
















te ae ee T 
NZAB YAla|s tiuyriur 
LI 11S O° 115 120° 1.0 | 173173 266 20, 

















2 eb etme 
r 2° 9 || | =| - 238235 
£ 315 0 -| + 13020 ~ 288230 
% — + + ae We en ee Pe ret 
8 4\- jae -l-| +) | - 2esess 
S 5| + 45) =| -| =| + | = 2002s 

| =| po} - 198] =| +] | - | » pense 

| 3 +7 |170, O° ~ | » 148.216 - 302248 

| x a|- (af -|-|-|-|-2nen 
iS _- ee . RRR. 

9|150) 0°| » | 90 130\2I2|141 3.06272 

= eee ange ge o> re 

y4-3-t'f7 6-9 x00 |170| - | ~ | - \na0\z 30141322 289 
207 116 5 AIS $53,622.69) 4092 , : 








Position of Experimental Diffraction Ring 








Fic, 5, Theoretical electron scattering curves for various 
models of NoO, where x=4:ry (sin@/2)/A. A comparison 
with the position of the experimental diffraction maxima 
should be made after consulting Table II which shows 
the effect of the presence of NOx. 





data should be 0.14 atmosphere, in which case 
there would be not less than 50 percent dissocia- 
tion in the region of diffraction. If the pressure 
were reduced to as low as 0.01 atmospheres the 
gas would be 90 percent dissociated. The effect 
on the position of the N.O, diffraction ring by 
the addition of NOs» is exemplified in Table II. 
The model chosen for NOz was the N—O=1.15A, 
a=120°. Decreasing the percentage of NO, 
results chiefly in the reduction in size of the 
prominences rather than changing materially 
their positions. Even for the extreme case of 
10 percent N.O, many of the maxima have been 
entirely lost; however those which are still 
retained have not been appreciably displaced. 

From a consideration of these computations 
we arrive at the following possible structures of 
N2O,: 


N-—-N=1.6A, 6=0° N-O=1.15A, a@=120° 
N-N=1.7A, 45°<8<90°", N-—O=1.15A, a=120° 
N-N=1.6A, 6=0° N-O=1.15A, a= 90°. 


This is equivalent to specifying that the N—N 
distance is 1.6 to 1.7A without definitely fixing 
the angular relationship between the two NO» 
groups. 

Sutherland” has measured the infrared absorp- 
tion spectrum and Raman scattering of N»O, 
and found that the molecular form O2N — NOz 
was definitely more probable than the other 
radically different structures such as O—N—O 
— NO, and O— N—O—O—N-—O. The first form 
is preferred on account of the ease of dissociation 
into NOs and satisfactorily explains the out- 


standing features of the infrared and Raman 


2G. B. B. M. Sutherland, Proc. Roy. Soc. A141, 342, 
535 (1933). 
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scattering. Also evidence was obtained against 
location of the NO» groups at right angles to 
each other, i.e., 8=90°. Harris and King* have 
recently concluded from the infrared absorption 
spectra that the NO» groups may not lie in the 


same plane and that they are joined together by 


the nitrogen atoms. 

From x-ray diffraction photographs of solid 
N.O, Vegard™ has proposed that the crystal 
lattice is built up of linear and symmetrical 
NOsz groups. Hendricks” has interpreted Vegard’s 
results as signifying that the solid is made of 
O2N—NOsz groups with a=120°, 6 from 0 to 
25° and the N—N distance within the range of 
1.1 to 1.7A. 


NITROGEN PENTOXIDE 


N,O;”° gave an interference pattern quite 
similar to N.O,, with a single diffraction ring 
occurring at a slightly greater angle, giving 
(1/X) sin 6/2 =0.474+0.004. The temperature of 
the substance was raised to between 25° and 
40°C which afforded sufficient vapor pressure to 
obtain diffraction. However, the substance was 
maintained at these temperatures for less than 
10 minutes which was time enough to obtain a 
set of photographs. This prevented the formation 
of any undesirable amount of products of de- 
composition. Fig. 6 shows a typical densitometer 
record of N.O; while the theoretical scattering 
curves are given in Fig. 7. Molecular models 
Nos. 2 and 8 give the best agreement with the 
experiment although the position of the experi- 
mental maxima is definitely smaller than the 
theoretical value expressed in terms of the 


23 Louis Harris and G. W. King, J. Chem. Phys. 2, 51 
(1934). 

*4L. Vegard, Zeits. f. Physik 68, 184 (1931); 71, 299 
(1931). 

* Sterling B. Hendricks, Zeits. f. Physik 70,699 (1931). 

26. N.O; was prepared by treating N2O.S2NO2 with 
ozone, after the method of Demetric Helbig, R. Accad. 
dei Lincei, Atti Scienze, (5a) $12, 211 (1903). 
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Fic. 6. Densitometer record for N2Os. 
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Fic. 7. Theoretical electron scattering curves for various 
models of N2O; where x=42(1.15A) (sin 0/2) /d. 


variable x=4ry(sin 6/2)/d. y was taken to be 
1.15A, one of the possible distances for the NO: 


group as previously determined. If we now 
substitute in this equation x=7 (theoretical 
value), and (sin 6/2)/A=0.474 (experimental 
value) we obtain y=1.18A. Since this distance 
is only slightly different from the assumed value, 
the position of the diffraction ring would not be 
appreciably altered by this change in the N—O 
distance of the NO» group. Thus we can arrive 
at a model in good agreement with the experi- 
mental result, namely N—O=1.3 to 1.4A with 
y=1.18A. 
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The Natural Separation of the Isotopes of Hydrogen. I. The Concentration of 
Deuterium in Benzene, Kerosene and Honey 


MALcoLm Do te, Department of Chemistry, Northwestern University 
(Received March 29, 1934) 


Waters obtained in the combustion of benzene, kerosene and honey have been analyzed for 
their deuterium content by density measurements. In all cases the concentration of deuterium 
is greater in these substances than it is in distilled water from Lake Michigan. 





HE interesting discoveries of Lewis! and of 

Taylor, Swingle, Eyring and Frost? of the 
inability of living organisms to live or to grow 
in nearly pure deuterium oxide suggested the 
possibility of a natural selection of protium in 
preference to deuterium in the animal and 
vegetable kingdoms. In order to ascertain if any 
separation of the isotopes of hydrogen takes 
place in the organic world I began last December 
to analyze naturally occurring substances for 
their deuterium content. Meanwhile Washburn 
and Smith’ in an investigation begun in August, 
1932, were examining the sap and the dry wood 
of a willow tree for their deuterium content. A 
preliminary notice of this investigation states 
that water obtained from the sap is 2.8 parts 
per million heavier than ordinary water while 
water obtained from the combustion of the dry 
wood was 5.4 parts per million heavier than 
ordinary water. They also proved that this 
increase of density was due to an increase in 
percentage of deuterium in the water. 

I have examined honey, kerosene and benzene 
and find, similarly to Washburn and Smith, 
that water obtained from the combustion of 
these substances is in all cases heavier than 
ordinary water. These results were not expected 
on the basis of the physiological experiments 
carried out in pure deuterium oxide since if the 
deuterium had been rejected instead of utilized 
in the synthesis of cellulose, honey, benzene 


'G. N. Lewis, J. Am. Chem. Soc. 55, 3503 (1933). 

*H. S. Taylor, W. W. Swingle, Henry Eyring and A. A. 
Frost, J. Chem. Phys. 1, 751 (1933). 

°E. W. Washburn and E. R. Smith, Science 79, 2043 
(1934). 


and kerosene the water resulting from the com- 
bustion of these substances would have been 
lighter than ordinary water. However, experi- 
ments‘ of Barnes, of Meyer and of Richards on 
the physiological behavior of Spirogyra sp., 
Aspergillus sp. and Saccharomyces cerevisiae indi- 
cate that dilute solutions of deuterium oxide 
have a decided effect in accelerating or modifying 
the growth and development of these substances. 
If this is the case, one might expect that deu- 
terium would be selected preferentially, thereby 
increasing the atomic weight of hydrogen in 
organic compounds and causing the density of 
water obtained by combustion to be greater than 
that of ordinary water. In this way it is possible 
to explain qualitatively the increase in the 
atomic weight of hydrogen reported by Wash- 
burn and Smith and by this paper. 


EXPERIMENTAL 

(a) Honey 

Honey of an unknown origin was dropped at 
the rate of one drop every twenty seconds onto 
dull red hot copper oxide in a Pyrex tube through 
which a stream of dried tank oxygen was passed. 
The details of this burner are shown in Fig. 1 
where A is the reservoir for the liquid honey, B 
is the tip from which the honey dropped onto 
the copper oxide D, E is a side tube to allow the 
tip B to be freed of tar or carbon by a blast of air, 
and C and D are inlets for oxygen. The copper 
oxide was electrically heated and the combustion 


4T. C. Barnes, J. Am. Chem. Soc. 55, 4332 (1933); 
Am. J. Bot. 20, 681 (1933); S. L. Meyer, Science 79, 210 
(1934); O. W. Richards, Am. J. Bot. 20, 679 (1933). 
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Fic. 1. Burner for honey. 


was allowed to run continuously for seventy-two 
hours until 570 cc of water had been condensed. 
The formation of tar and carbon at B or on the 
inside walls of the upright tube was prevented by 
passing oxygen in at C in addition to at D and 
by keeping the copper oxide hot enough so that 
the honey burst into a little flame as each drop 
fell on the copper oxide. The condensed water 
contained appreciable quantities of organic mat- 
ter judging from its color and odor. It was first 
distilled in such a way that the vapors were 
mixed with dried oxygen and then passed 
through a 55 cm column of dull red hot copper 
oxide. From this point on the purification con- 
sisted of ten distillations from alkaline potassium 
permanganate, a distillation in vacuum followed 
by distillations from alkaline potassium per- 
manganate and a dilute solution of phosphoric 
acid. No change in density could be detected 
between the distillation in vacuum and the 
subsequent distillation from phosphoric acid. 


(b) Kerosene 

Kerosene from the Oklahoma oil fields was 
burnt at the surface of a sintered glass wick in 
an apparatus, the details of which are shown in 
Fig. 2 where A is the inlet for kerosene, B and C 
are air inlets, W is the sintered glass wick made 
of ground Pyrex glass and A represents a packing 
of string to prevent a too rapid flow of kerosene 
into the burner. The burner: was inserted into 
the combustion apparatus and held in place by 
a rubber connection at E. Air was admitted into 
the apparatus at B and C, the speed of flow 











8 


Fic. 2. Burner for kerosene and benzene. 


through B could be controlled independently. 
The cork stopper at D could be removed to light 
the flame. The vapors were led to an efficient 
condenser by means of the tube F. It was 
impossible to obtain a satisfactory combustion 
of kerosene in an atmosphere of pure oxygen 
due to the deposition of carbon in tree-like 
growths on the surface of the wick. The level of 
the kerosene in the reservoir, G was maintained 
at a height three inches above the top of the 
wick in order to provide the necessary pressure 
to force the kerosene up onto the sintered glass 
wick. About 600 cc of kerosene were burnt over 
a period of 72 hours and about 500 cc of water 
were obtained. The water was purified in the 
same way that the honey water was purified 
except that no distillation in vacuum was carried 
out and only seven redistillations were con- 
sidered necessary. 


(c) Benzene 

Mallinckrodt thiophene free benzene obtained 
as a by-product in the distillation of coal was 
burnt in the apparatus illustrated in Fig. 2. 
Due to the relatively high percent of carbon in 
benzene the combustion was more difficult, re- 
quired more air and gave rise to considerably 
more soot than did the combustion of kerosene. 
In order to prevent the large amount of uncon- 
densable gases such as carbon dioxide and 
nitrogen from carrying off too much of the desired 
water vapor, the gases were not passed through 
the water collecting flask but were by-passed 
over it. The water was first filtered to remove as 
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much carbon as possible, then distilled twice 
from alkaline permanganate and its density 
measured. Two more redistillations from alkaline 
permanganate did not measurably alter the 
density. 


(d) Tests of the purity of the water 


Since the measurement of the relative density 
of water may be carried out with an error of 
less than a part per million (vide infra), the 
only uncertainty in the results reported in this 
paper is the question of the purity of the water. 
The density of the benzene water after the second 
and fourth distillations was 7.9 parts per million 
heavier than ordinary water. In order to see if 
this difference in density was caused by im- 
purities, about 250 cc of this benzene water were 
electrolyzed at a current of nine amperes between 
a lead anode and a nickel cathode. The mixed 
hydrogen and oxygen gases were next washed in 
three tall towers containing, respectively, dis- 
tilled water, ten percent potassium hydroxide 
solution and concentrated sulfuric acid. Finally 
the gases were converted back to water over a 
copper catalyst. The density of this water after 
a distillation from alkaline permanganate was 
still greater than that of ordinary water treated 
in the same way to the extent of 3.6 parts per 
million. Thus, 250 cc of ordinary water electro- 
lyzed until 3.5 cc remained in the electrolysis 
cell decreased in density 7.7 parts per million 
while the benzene water electrolyzed until 4.0 cc 
remained in the electrolysis cell decreased in 
density 12.0 parts per million. It is difficult to 
decide how much of this decrease is due to a 
separation of isotopes and how much to elimi- 
nation of impurities.» The point of interest is 
that the benzene water was still heavier than 
ordinary water similarly treated. 


* The difference between a decrease in density of 7.7 and 
12.0 parts per million seems large. However, if the decrease 
in density is due entirely to a separation of the isotopes of 
hydrogen, and if ordinary water is 20 parts per million 
and benzene water 27.9 parts per million heavier than 
pure protium oxide then a decrease of 7.7 parts in 20 
parts is a decrease of 39 percent while a decrease of 12.0 
parts in 27.9 parts is a decrease of 43 percent. From this 
standpoint the greater decrease in density of the benzene 
Water on electrolysis does not indicate that the benzene 
water was more impure than the ordinary water, but merely 
that it contained more deuterium. In other words the 
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Another method of testing the effectiveness of 
the methods outlined above for purifying water 
is to contaminate some ordinary water deliber- 
ately and then to study the rapidity with which 
it can be made pure again. To 500 cc of ordinary 
distilled water about 1 cc of the following 
chemicals was added, acetic acid, ethyl alcohol, 
benzoic acid, formaldehyde, acetaldehyde, ben- 
zene, ammonium nitrate, sodium nitrate and 
sodium nitrite. To the solution enough potassium 
permanganate was added to give a permanent 
purple color and a considerable quantity of 
barium hydroxide was added. Distillation from 
this mixture was difficult due to the presence of 
a large amount of manganese dioxide. After a 
second distillation from alkaline permanganate, 
the water was four parts per million heavier than 
pure water, after a third distillation the difference 
in density was only one part per million while 
after a fourth distillation from alkaline per- 
manganate the density of the previously con- 
taminated water was equal to that of pure water 
within the experimental uncertainty. Apparently 
four redistillations from alkaline permanganate 
are sufficient to free water from considerable 
amounts of impurities. 


(e) Density measurements 


The density was measured by the totally 
immersed float method ; the density of the water 
being adjusted to that of the float by altering 
the temperature of the water according to the 
method first used by Richards and Shipley.’ A 
14 cc Pyrex float weighted with mercury was 
used. The float was aged by heating at 110° in 
an electric oven for twenty-four hours and was 
steamed out before use. No appreciable change 
in the temperature at which the float and water 
had the same density could be detected over a 
period of three months, nor could any definite 
relation between the barometric pressure and 
the equilibrium temperature be discovered. (See 
Table I.) Any possible errors due to a change 
in the barometric pressure or to a change in the 
density of the float were eliminated by always 


benzene water and ordinary water lost nearly the same 
percentage of their deuterium content on electrolysis. 

6 T, W. Richards and J. W. Shipley, J. Am. Chem. Soc. 
34, 599 (1912). 
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TABLE I. Buoyancy float data for ordinary water. 








Tempera- 
ture 2.700° 
Beckmann 
== 23.412°C 


2.705 
2.703 
2.735 (?) 
2.693 
2.695 
2.697 
2.697 
2.694 
2.697 
2.703 
2.700 
2.736 (?) 
2.693 
2.697 
2.704 
2.702 
2.702 
2.713 
2.714 


No. of 
Barometer redistillations 


Z 
°o 


Date 


1/5 
1/12 
1/13 736 
1/15 751 
1/17 757 
1/19 751 
1/26 746 
2/8 759 
2/8 759 
2/14 742 
2/17 752 four 
2/17 752 five 
2/19 753 Six 
2/19 753 seven 
3/7 ioe one 
3/9 755 one 
3/14 759 one 
3/17 738 one 
3/21 742 one 





742 
742 


one 
one 
one 
one 
one 
one 
eight 
one 
two 
three 


— 
NRK OO ONA UE WN 








redetermining the equilibrium temperature for 
pure water immediately before making a density 
measurement of the various waters under investi- 
gation. The float cylinder was surrounded by 
two water baths according to the method of 
Lamb and Lee.’ In agreement with them it was 
found necessary to eliminate all vibrations by 
stopping the stirring motor before observing the 
motion of the float. During the observation 
period no temperature control was possible, but 
tests proved that the temperature of the water 
in the float cylinder changed only 0.002° in 
twenty minutes under unusually adverse condi- 
tions. The time necessary for the observation of 
the float was five to ten minutes. After immersing 
the float in the water, the cylinder was exhausted 
(at room temperature) until the water boiled 
vigorously. The float was never allowed to come 
to the surface of the water after this boiling out, 
because it was found that tiny air bubbles might 
adhere to the top of the float when the float 
was pushed below the surface of the water. 

The reproducibility of the measurements for 
laboratory distilled water are indicated in Table 
I where the first column gives the number of the 
experiment, column two the date, column three 
the barometric pressure, column four the number 
of redistillations of the laboratory distilled water 


7A. B. Lamb and R. E. Lee, J. Am. Chem. Soc. 35, 
1666 (1913). 
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previous to the measurement, and column five 
the equilibrium. temperatures as read on the 
Beckmann thermometer. In an actual measure- 
ment the temperature was changed in increments 
of 0.005° and the equilibrium temperature was 
estimated to 0.001°. The high data for experi- 
ments 3 and 12 may be due to small air bubbles 
adhering to the top of the float. It was after the 
twelfth experiment that the float was always 
kept totally immersed. Variations greater than 
0.005° are probably due to changes in the 
barometric pressure. The increase in the temper- 
ature between experiments 14 and 15 may be 
due to a slight change in the density of the float. 

The values for the rise in temperature neces- 
sary to bring the density of the water obtained 
in the combustion of honey, kerosene and ben- 
zene to the density of ordinary water are given 
in Table II. For purposes of comparison data 
obtained with water deliberately contaminated 
as related above are also given. 


TABLE Ii. Buoyancy float data for various types of water. 








Redis- 
tilla- : 
tions At? 


Redis- 
tilla- 
Date tions 


Exp. 


Exp. 
At® No. 


No. Date 





Water from Honey 
1/13 0.035 
1/15 O44 
1/19 023 
1/20 024 
1/26 10 .028 
2/8 12 016 
2/19 14 018 

Accepted value =0.017 
Density increment = 4.1 
parts per million 


Water from Kerosene 
1 2/14 3 0.030 
2 aly 64 .028 
os wi $§ .027 
4 2/19 6 025 
> 27 ¢ .025 
Accepted value =0.025 
Density increment =6.2 
parts per million 





Contaminated ordinary water 
3/16 1 0.14 

2 3/16 2 019 

3 3/17 3 .006 

4 3/21 4 —.003 


Water from Benzene 
1 3/7 2 0.031 
2 3/9 4 .031 
Accepted value =0.031 
Density increment =7.9 
parts per million 








CONCLUSIONS 


The data indicate a definite increase in the 
atomic weight of hydrogen due to a natural 
isotopic separation. Bleakney and Gould’ esti- 
mate the concentration of deuterium in rain 
water to be one part in five thousand parts of 
hydrogen. If the water of Lake Michigan con- 


8W. Bleakney and A. J. Gould, Phys. Rev. 44, 265 
(1933). 
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tains this concentration of deuterium, it is 
possible to calculate the concentration of deu- 
terium in kerosene, benzene and honey by means 
of the equation 


As = 0.1056x (1) 


given by Lewis and Luten.® In Eq. (1) As is the 
density increment between the water under 
consideration and pure protium oxide, and x is 
the mole fraction of deuterium oxide or the atom 
fraction of deuterium. Calculations for kerosene 
water yield for As 26 parts per million and for x 


°G. N. Lewis and D. B. Luten, Jr., J. Am. Chem. Soc. 
55, 5062 (1933). 
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1.3 parts in 5000. Thus there is roughly 30 
percent more deuterium in Oklahoma kerosene 
than there is in ordinary water. Similar calcu- 
lations yield for the concentration of deuterium 
in benzene 1.4 and in honey 1.2 parts of deu- 
terium per 5000 parts of hydrogen. In the case 
of water from honey we are assuming that the 
increase in density is due entirely to an increase 
in the concentration of deuterium. The work of 
Washburn and Smith indicates that this as- 
sumption is probably correct. 

Further experiments are planned. It is hoped 
that the results of this paper and additional 
results will shed light on the origin of petroleum. 
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Continuous Flow Methods of Concentrating Deuterium 


LEIGH C. ANDERSON, J. O. HALFORD AND JOHN R. BATEs, Department of Chemistry, University of Michigan 
(Received March 2, 1934) 


Experimental arrangements for the concentration of deuterium by electrolysis in a con- 
tinuous flow system are described. These are found to be as efficient as straight electrolysis 
in single cells and involve considerably less manual labor. An arrangement for the recovery of 
off hydrogen of high deuterium content which is practically free from danger of explosion is 


also given. 





INCE Washburn and Urey discovered that 
the deuterium content! of an aqueous solu- 
tion could be increased by electrolysis, due to the 
preferential liberation of protium at the cathode, 
several investigators have described apparatus 
for carrying out this concentration. The first 
stages which involve relatively large volumes of 
solution are the most cumbersome. Two types of 
apparatus have been developed in this laboratory 
which allow the concentration to be performed in 
a continuous and practically automatic manner. 
Neither type requires a low voltage source of 
direct current capable of delivering hundreds of 
amperes, a source which is not readily available 
in many laboratories, and which is required when 
one employs the apparatus described by Lewis 
and MacDonald? or that of Harkins and Doede.* 
The procedure used by Taylor, Eyring and 
Frost,’ eliminates the need of such an electrical 
supply but introduces a considerable amovat 
of labor in handling a large number of cells and, 
furthermore, the cooling tanks quickly become 
objectionable when the water supply is extremely 
hard. 

The first of the two types of unit which we have 
developed is composed of cells illustrated in Fig. 
1. The cathode B is an 18-inch length of ordinary 
1-inch water pipe designated in the trade as 
wrought iron, but in reality a low carbon steel. 
(So-called pure wrought iron pipe was substituted 


1 Washburn and Urey, Proc. Nat. Acad. Sci. 18, 496 
(1932). 

2 Lewis and MacDonald, J. Chem. Phys. 1, 341 (1933). 

3 Harkins and Doede, J. Am. Chem. Soc. 55, 4330 (1933). 

4 Taylor, Eyring and Frost, J. Chem. Phys. 1, 823 (1933). 


with little or no benefit.) This is surrounded by a 
glass condenser jacket A for cooling. The bottom 
of the pipe is fitted with a rubber stopper 
through which pass two 7 mm glass tubes. The 
centered tube C acts both as a support for the 
anode and as the inlet tube for the alkaline 
electrolyte; the other tube is the outlet. The 
anode D is formed from two 3-foot lengths of 18 
gauge nickel wire which extend through the 
rubber stopper and are wound around the center 
tube and two strips of nickel ribbon. These latter 
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FLOW 


serve to equalize the potential along the whole 
electrode. 

For convenience in handling, a bank of ten 
such cells is mounted in series as regards flow of 
electricity, alkali and cooling water. The alkali 
flowing in the center tube and emerging from the 
orifice F is partially electrolyzed in each cell 
before flowing out and into the next cell. Because 
of the height of the inlet orifice and the stirring 
due to the gas evolution, no channeling between 
inlet and outlet may be expected. The rates of 
inflow and outflow through the entire bank are 
adjusted to the rate of electrical input so that 
any desired concentration of alkali may be 
reached at the end of the bank. The inflow is 
regulated by means of an 8-liter Mariotte bottle, 
which keeps a constant head at the inlet and into 
which alkali is fed at a rate equal to or less than 
that of consumption. This removes any possi- 
bility of overflow in the cells due to small 
alterations in current, etc. 

The factor limiting the amount of current 
which may be put through such a bank of cells is 
the back pressure which is built up in the alkali 
line and which may amount to a head of several 


inches. This is probably due to mechanical 


difficulties involved in the evolution of the 
electrolytic gas. In practice, we find that a 
current of about twenty amperes gives a very 
satisfactory performance. This current is ob- 
tained when a potential of 220 volts is applied 
to three banks of twenty cells each, with a two 
percent alkali solution being fed to, and a 
sixteen percent alkali solution being withdrawn 
from each of the banks. 

The second type of unit that we have de- 
veloped consists of a box four inches wide, six 
inches deep and twenty-five inches long made of 
hard rubber and with the sides slotted on the 
inside at intervals of one-half inch to hold nickel 
sheet electrodes. Cooling is accomplished in- 
ternally by means of five 10 mm glass tubes 
running lengthwise through the box and through 
holes in each electrode. The electrodes are made 
up in two identical halves to permit easy as- 
sembly of the cooling tubes. A dilute alkali 
solution is fed into one end continuously and 
flows from one cell to the next through a narrow 
space left around each of the cooling tubes. A 
concentration gradient is built up along the box 
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and the concentrated material is removed from 
the other end at any desired alkali concentration 
(and, of course, increased deuterium content) 
below that of saturation of the electrolyte. Such 
a unit will carry five amperes without over- 
heating, and this current is obtained with a 
potential of 110 volts across the box. 

The theoretical efficiency of any continuous 
method of electrolytic fractionation of the 
hydrogen isotopes is bound to be lower than that 
of straight electrolytic concentration in a single 
cell. This is due to the fact that a more dilute 
solution of the heavier isotope is being fed 
constantly to a more concentrated mixture. In 
the limiting case, it is obvious that when the 
entering liquid has a deuterium content equal to 
the gases evolved no further concentration occurs. 
However, in the “pipe’’ method described this 
latter condition is by no means approached and 
our actual efficiency seems to be as good or 
better than electrolysis in open single cells, due 
to less loss from spraying of the electrolyte and 
less evaporation because of more efficient cooling. 
Best results are obtained, of course, when the 
volume ratio of input to output in a given unit 
is small, but even with this ratio at seven for a 
bank of twenty cells, we find the concentration 
ratio of deuterium is about five, an extremely 
satisfactory factor. 

Of the two types of unit the first is undoubtedly 
to be preferred. The chief difficulty encountered 
with it is the regulation of the outflow. Since, 
with a current of 20 amperes the outflow from a 
bank of twenty cells is only 700 cc of sixteen 
percent alkali a day, the regulation must be 
made of a rather small rate, about a drop every 
ten seconds, and this must be kept constant, as 
the concentration ratio is dependent almost 
solely upon it. The chief advantage of the box 
unit is that the regulation of outflow need not be 
accurate since this can be adjusted by removal of 
larger amounts at a single time when inspection 
shows this to be necessary. Its disadvantage lies 
in lack of adequate cooling and consequent 
limitation of the current to about five or six 
amperes. The pipe unit has still another con- 
sideration to recommend it. It may be used at 
higher concentrations of deuterium when it is 
necessary to recover the gases produced. This 
may be effected by recombining the mixed 
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hydrogen and oxygen as described by Taylor, 
Eyring and Frost,* and by Eyring and Topley.® 
However, we have not used their procedure in 
this laboratory, preferring the increased safety 
factor introduced by separating the hydrogen 
and oxygen and burning the hydrogen from a 
quartz jet in the presence of air or oxygen. At 
still higher concentrations where there is in- 


sufficient gas evolution to make a flame, we have 
used the method illustrated in Fig. 2, using 
platinized asbestos as a catalyst for burning the 
hydrogen. 

The cathode B consists of iron wire wound 
around the glass tube C which is sealed inside the 


5 Eyring and Topley, J. Am. Chem. Soc. 55, 5058 (1933). 


cell A; the anode D is either a spiral of nickel 
wire or a platinum gauze cylinder which is 
inserted inside the glass partition. When wire 
spirals are used, the top and bottom wires are 
joined together in order that the potential may 
be more uniform throughout the electrode. J, K 
and L are, respectively, a spray trap, a safety 
flask and an outlet for flushing out the hydrogen 
line at the start of operation. The oxygen passes 
through the tube marked P. The hydrogen and 
oxygen combine in the catalytic chamber / at 
the end of the capillary platinum tube from 
which the hydrogen emerges. A stream of air is 
directed through T to cool the vapors partially. 
The receiver O is kept in an ice-filled vacuum 
bottle NV. A small excess of oxygen is introduced 
(through Q, R and S) to insure complete com- 
bustion of the hydrogen. Although the elec- 
trolytic cells necessary for the separation of the 
gases introduce more electrical resistance than 
those in which the gases come off together, this 
difficulty has not been at all troublesome and a 
current of eight or nine amperes gives no undue 
heating of the cells. Several of these cells are 
mounted in series electrically, the hydrogen as 
well as the oxygen from all cells being fed to the 
same combiner, whether flame or catalytic. 
With the smaller quantities of material that are 
available at the higher concentrations of deu- 
terium, we have not adopted a flow method 
although this process could be introduced here 
also. 
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The Homogeneous Unimolecular Decomposition of Gaseous Alkyl Nitrites. 
II. The Decomposition of Ethyl Nitrite 
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The thermal decomposition of gaseous ethyl nitrite is a homogeneous first order reaction. 
It proceeds at a conveniently measurable rate between 190 and 240°C. The overall reaction 


is mainly 


C,H;NO:=NO+}3CH;CHO-+ }C2H;OH. 


The rate of reaction is given by 


k=1.39 X 10e-87,700/RT sec.-1 


There is no falling off in rate down to 5 cm pressure. On account of their similarity and sim- 
plicity the comparison of the decompositions of methyl and ethyl nitrite is of considerable 
interest. Further work is in progress on the propyl and butyl nitrites. 





INTRODUCTION 


T is of considerable interest to investigate the 
homogeneous unimolecular decomposition of 
a series of related chemical compounds. The 
only series so far investigated is that of the 


aliphatic ethers.1 The ether decompositions, 
however, are complicated, and in consequence it 
is dificult to make comparisons between them. 
Ithas recently been shown? that the decomposi- 
tion of methyl nitrite is a homogeneous first order 
reaction. The decomposition is simple, the rate 
determining step being apparently the splitting 
off of nitric oxide, and hence it is of interest to 
investigate the decomposition of other alkyl 
nitrites. The present paper deals with ethyl 
nitrite. 


EXPERIMENTAL 


Reaction velocities were measured as before by 
observing the rate of pressure change in a system 
at constant volume. The reaction vessels were 
Pyrex bulbs having a capacity of about 125 cc. 
The apparatus was similar to that used in a 

'Hinshelwood and co-workers, Proc. Roy. Soc. A114, 
(1927), A115, 215 (1927), J. Chem. Soc. 1929, 1804. 
Steacie, J. Phys. Chem. 36, 1562 (1932), J. Chem. Phys. 
1, 313, 618 (1933). Kassel, J. A. C. S. 54, 3641 (1932). 
lre, J. Phys. Chem. 37, 1169, 1183 (1933). 

*Steacie and Shaw, Proc. Roy. Soc. (London), in press. 


number of previous investigations.’ The required 
temperatures were obtained by the use of a well 
stirred oil bath, heated electrically. Tempera- 
tures were measured with standard mercury 
thermometers. The temperature could be main- 
tained constant to within 0.25°C. 

Ethyl nitrite was prepared by the addition of 
a solution of nitrous acid to ethyl alcohol. The 
gas evolved was purified by passing it through 
a 50 percent sodium hydroxide solution, followed 
by a 40 percent ferrous sulphate solution to 
remove nitrogen oxides. It was then roughly 
dried by passage over calcium chloride. The gas 
was then condensed and fractionally distilled 
twice. During the course of the investigation 
the ethyl nitrite was stored as a liquid in a 
cooled bulb. 


EXPERIMENTAL RESULTS 


The products of the reaction 

Since the form of the reaction rate curves and 
the total pressure increase at completion did not 
vary with temperature or pressure, as will be 
shown later, it follows that there cannot be 
much variation in the products of reaction with 
varying conditions. 


3 Steacie, Can. J. Research 6, 265 (1932}. 


345 








aS. W. RE. 





346 








Some typical analyses of the gaseous products 
at completion follow: 


NO, % 94.2 88.0 
CO; % 1.3 3.3 
Residue, % 4.5 8.7 


In the above analyses NO was determined by 
absorption with slightly acidified ferrous sul- 
phate. Gas analysis in the presence of nitrogen 
oxides is necessarily difficult, and in view of this 
fact the above results are in satisfactory agree- 
ment. The gaseous products are very similar to 
those of the methyl nitrite decomposition, the 
average values for methyl nitrite being NO=84 
percent, CO=7 percent, residue = 9 percent. 

The condensable products of the reaction were 
determined by means of experiments in a special 
reaction vessel, so constructed that it could be 
washed out with water after each run. The 
washings gave a pronounced Schiff test for 
aldehydes. If the solution were warmed up to 
distill off aldehydes, and sulphuric acid added, 
a positive Schiff test was again obtained, pointing 
to the presence of alcohols which had been 
oxidized to aldehydes. By analogy with the 
methyl nitrite decomposition it may therefore 
be concluded that the condensable products 
consist of acetaldehyde and ethyl alcohol. This 
is supported by the fact that the condensable 
products were liquids, that ethyl alcohol could 
be detected by its odor, and that there was no 
sign of a deposit of paraformaldehyde. 

We may therefore conclude that the reaction 
proceeds in a manner similar to that of methyl 
nitrite, viz., 


C:H;NO.=NO+3C,H;OH+3CH;CHO. 


This mechanism was confirmed by a determi- 
nation of the relative amounts of liquid and 
gaseous products. A run was made at 235°C with 
an initial pressure of 27.0 cm. At completion 
the pressure was 51.5 cm, an increase of 24.5 cm. 
The reaction vessel was then cooled to — 80°C. 
At this temperature the pressure was 9.98 cm. 
Calculating the pressure which this amount of 
gas would exert at 235°C, we obtain 26.3 cm. 
This is almost exactly equal to the initial pressure 
of ethyl nitrite. Hence, in agreement with the 
above mechanism, we obtain 1 molecule of 
non-condensable material from each molecule of 
ethy! nitrite. The reaction vessel was then heated 
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to 13°C, and the pressure was found to be 23.6 
cm. The calculated NO pressure at 13°C js 
14.8 cm. At 13°C the vapor pressure of ethy! 
alcohol is 2.4 cm. Acetaldehyde should all be in 
the gas phase at this temperature. If we assume 
all the gas other than NO and alcohol vapor to 
be acetaldehyde, then the partial pressure of 
acetaldehyde at 13°C is 6.4 cm. This is somewhat 
less than half the NO as required by the above 
mechanism. However, considering the smal! 
amount of alcohol present, it is doubtful if 
vapor pressure equilibrium would really be 
reached, and hence the amount of acetaldehyde 
present is probably larger than that calculated. 
Finally, it was shown that all the products were 
gaseous at 87°C, as would be the case if ethyl 
alcohol were the remaining product. 

It may therefore be concluded that the overal! 
reaction is the one given previously. The mechan- 
ism is presumably the following: 


C.H sNO,z = C.H s0+ NO 
C.H;,O =CH;CHO+H (2 
H +C.H 50 = C.H;OH. 3 


This is consistent with the work of Rice‘ and 
his collaborators on free radicals in the decompo: 
sition of organic compounds. 






























The pressure change accompanying the reaction 

The mechanism given above would lead to 2 
pressure increase of 100 percent at completion 
Actually the observed pressure increases average 
about 86 percent. Some typical values are giver 
in Table I. 


TABLE I. Maximum pressure increases. 





















Maximun 



















Initial pressure 

Temperature pressure increase 

(°C) (cm) percent 
199.9 23.89 88.7 
209.8 13.48 90.3 
209.8 18.48 83.3 
219.9 28.40 90.7 
219.9 33.36 83.3 
230.2 22.85 84.2 
230.2 23.21 85.3 
240.7 27.96 80.7 
85.8 


Mean 














‘ Rice et al., J. A. C. S. 53, 1959 (1931); 55, 3035 (1953 
56, 284 (1934). 
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If we assume that 86 percent pressure increase 
corresponds to complete reaction, then 7»; and 
Tso (the times for the pressure to increase 25 and 
50 percent, respectively) correspond to 29.1 and 
58.2 percent reaction. Theoretically therefore 
T;0/T 25 should be equal to 2.54 if the reaction is 
first order. Actually the mean ratio for all runs 
is 2.57. It therefore seems to be justifiable to 
use the values of 7»; and 759 as a measure of 
the rate of reaction, and to assume that they 
correspond to 29.1 and 58.2 percent reaction, 
respectively. 


The rate of reaction 


Complete data for some typical runs are given 
in Table II. It will be seen that good first order 
constants are obtained. The summarized data 
for all runs are given in Table III. 


The effect of pressure on the rate 


The constancy of the values of the fractional 
times with varying pressure shows that the 
reaction is of the first order. If there is any 
falling off in rate at low pressures, it is of the 
order of magnitude of the experimental error. 
The reaction is under investigation at low 
pressures, and the results will be reported later. 
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TABLE II. Data for typical runs. 








Temperature = 209.8°C 
Initial pressure 
= 36.57 cm 


Temperature = 219.9°C 
Initial pressure 
= 20.62 cm 


AP % 


(em) reaction k 


AP % 
(cm) reaction k 


Time 
(min.) 





0 0 0 — 0 
0.5 0.94 3.0 0.0257 1.02 
1 1.93 6.2 0.0274 2.07 
iB 2.90 9.2 0.0276 3.09 
2 3.76 12.0 0.0275 4.08 
5 — — 4.97 
soe 6S 5.83 
7.19 22.9 7.35 
8.89 28.3 8.63 
10.30 32.7 9.73 
11.69 37.2 10.73 

48.2 


15.14 
19.00 60.5 


o 


0.0522 
0.0538 
0.0553 
0.0569 
0.0572 
0.0577 
0.0582 
0.0580 
0.0576 
0.0576 


0.0276 
0.0285 
0.0289 
0.0286 
0.0288 
0.0286 
0.0288 
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The effect of surface 


In Table III rates are given for an empty 
reaction vessel, and also for a similar vessel 
packed with short lengths of Pyrex tubing so as 
to increase the surface-volume ratio to about 
9 times its former value. It will be seen that 
there is very little difference in the rate in the 
two vessels. It may therefore be concluded that 
if any heterogeneous reaction occurs in the 
empty bulb, it constitutes less than one percent 
of the whole process. 


TABLE III. The rate of reaction. 








Initial 
pressure 
(cm) 


Reac- 
tion 
vessel 


Temper- 
ature, 


(°C) 


Ti2.5 
(sec.) 


T 25 
(sec.) 


Tso 
(sec.) 


Initial 
pressure 
(cm) 


Reac- 
tion 
vessel 


Temper- 
ature 


(°C) 


T12.5 


(sec.) 





189.9 32.68 828 
189.9 36.84 846 
189.9 mean values 837 
199.9 20.74 378 
199.9 23.89 348 
199.9 32.95 328 
199.9 mean values 352 
209.8 13.48 156 
209.8 21.14 146 
209.8 25.17 141 
209.8 26.14 147 
209.8 36.57 150 
209.8 mean values 148.1 
219.9 5.46 72.0 
219.9 10.26 72.0 
219.9 13.02 70.8 
219.9 13.24 67.8 
219.9 20.62 75.0 
219.9 26.34 73.8 
219.9 28.40 67.8 
219.9 32.87 66.0 
219.9 33.29 67.8 


Empty 


1806 
1806 
. 1806 
798 
762 
716 
759 
323 
326 
307 
315 
310 
316.2 
157 
154 
134 
‘144 
157 
154 
144 
132 
148 


4578 
4518 
4548 
1908 
1836 
1806 
1850 
846 
834 
744 
792 
792 


432 


387 
395 
384 
364 
360 


219.9 
219.9 
219.9 
219.9 
219.9 
219.9 
230.2 
230.2 
230.2 
230.2 
230.2 
230.2 
230.2 
240.7 
240.7 
240.7 
209.8 
209.8 
219.9 
219.9 
230.2 
230.2 


33.36 
37.24 
44.45 
46.88 
54.50 
mean values 
14.44 
23.21 
27.48 
30.02 
37.48 
38.16 
mean values 
18.72 
27.96 
meanvalues -— 
23.93 136 
29.78 126 
23.35 64. 
21,84 66. 
22.85 - 
33.38 -= 
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Fic. 1. The temperature coefficient. 


The temperature coefficient 

In Fig. 1 the logarithms of the fractional times 
are plotted against the reciprocal of the absolute 
temperature. The data used are the mean values 
given in Table III. From the slopes of the lines 
we obtain the following values for the heat of 
activation: 
From 72.5 38,100 calories per gram molecule 


From T 25 37,550 
From T50 37,550 


Mean 37,700 


The rate of reaction may therefore be ex- 
pressed by 


T 25 = 2.47 X 10% e37700/RT sec, 
Or, since T2; represents 29.1 percent reaction, 


k= 1.39 X 10e-97- 700/27 sec,-, 
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DISCUSSION 


The comparison of the decomposition of ethy| 
and methyl nitrites is of some interest. Both 
reactions are extremely simple unimolecular 
changes in that they presumably involve the 
direct splitting of only one bond, i.e., 


CH;—O—NO=CH;0+NO 
C,H; -O—NO=C;H;0+ NO. 


The activation energies for both reactions are 
about 37,000 calories. The energy available to 
break the bond is therefore (37,700 cal. -+-average 
energy of the molecules). The number of degrees 
of freedom involved is at least 12, and is probably 
much greater. If we assume »=12 and n=20, 
then we have available at 500°K, 43,000 and 
47,000 calories, respectively. There are no direct 
estimates available of the energy required to 
split the —O—NO bond. Rice and Johnston’ 
found approximately 80,000 calories for C—O, 
70,000 to 80,000 for C—C, and about 50,000 
for C—N. It therefore seems probable that the 
energy available here is sufficient to break the 
O—NO bond. Hence if the reaction in this case 
proceeds through a free radical mechanism‘ it is 
not necessary to assume the existence of reaction 
chains. 

The discussion of the effect of chemical con- 
figuration on the activation energy, etc., will be 
deferred until data are available for the propyl 


and butyl nitrites. 


5 Rice and Johnston, J. A. C. S. 56, 214 (1934). 
6 Rice and Herzfeld, J. A. C. S. 56, 284 (1934). 
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This section will accept reports of new work, provided these 
are terse and contain few figures, and especially few halftone 
cuts. The Editorial Board will not hold itself responsible for 
opinions expressed by the correspondents. Contributions to 
this section must reach the office of the Managing Editor 





Irradiation, with x-rays, of oxygen dissolved in water 
causes its reduction to hydrogen peroxide, because of a 
primary activation of the water. The amount produced is 
independent of the oxygen pressure, up to 70 cm. It 
depends on the hydrogen ion concentration of the solution, 
as shown by Fig. 1, in which microequivalents of hydrogen 




















i 


ww 


per 1000Fr of dosage 








Microequtvalents of H,0, 


.) 


4 


nS 4 5 67 68 9 





10 mT i2 13 
Fic. 1. The production of hydrogen peroxide as a function 
of the hydrogen ion concentration. 











We are interested in this laboratory in a systematic 
study of the acetylene bond as affected by substitution of 
hydrogen by various other elements or radicals. To this 
end we hope to investigate substituted acetylenes wherein 
the substituting group is of varying chemical character. 
Monomethyl acetylene! has been reportéd and the present 
communication deals with diiodoacetylene. The Raman 
spectrum of its solutions in alcohol has been studied and 
fve lines have been measured. The frequency shifts of 
these lines are given in Table I and are believed to represent 















TABLE I, 


191 310 627 688 2109 
strong medium weak weak strong 


Frequency (cm7?) 
Intensity 


the fundamental vibrational frequencies of the Colz 
molecule. The diiodoacetylene was prepared and purified 
by the method of Dehn.? By using a mercury discharge 
tube and a filter of 12 mm of a saturated sodium nitrite 
“lution? excitation was obtained only from the mercury 
line of wave-length 4358A. Photographs were taken on a 
Steinheil spectrograph equipped with glass prisms. The 
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not later than the 15th of the month preceding that of the 
issue in which the letter is to appear. No proof will be sent 
to the authors. The usual publication charge ($3.00 per 
page) will not be made and no reprints will be furnished free. 


peroxide produced per kiloroentgen of dosage are given as 
a function of the hydrogen ion concentration. The curve 
is represented by the equation 


H:0:2 wae 1+2- 10.1 F J microequivalents 


1+10CH J 1000 ce. 





kiloroentgen o 





Twice as much hydrogen peroxide is produced in acid as 
in basic solution. Possibly both atoms of the oxygen 
molecule are transformed in the former case, as against 
only one transformed in the latter. 

I am indebted to Dr. E. R. Brownscombe for assisting 
me with these measurements. 

HvuGo FRICKE 
The Dr. Walter B. James Laboratory for Biophysics, 
Biological Laboratory, 
Cold Spring Harbor, L. I., New York, 

April 19, 1934, 


frequency shift corresponding to the C—I vibration 
(627 cm) is about 100 cm™ greater than those observed 
in iodine compounds of the saturated hydrocarbons.‘ The 
C: C frequency (2109 cm) is in the region characteristic 
of acetylenic compounds and does not support the acety- 
lidine structure of this substance. 

Other lines found on the photographic plates could be 
ascribed to the solvent. The details of this study will be 
published later. 

GEORGE GLOCKLER 
CHARLES MORRELL 
University of Minnesota, 
Minneapolis, Minnesota, 
April 19, 1934, 


1G. Glockler and H. M. Davis, Phys. Rev. 41, 370 


(1932). 

2W. Dehn, J. Am. Chem. Soc. 33, 1598 (1911). 

3H. Pfund, Phys. Rev. 42, 581 (1932). 

4A. Dadieu and K. W. F. Kohlrausch, Wien. Ber. 137, 
717 (1930). 
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LETTERS TO THE EDITOR 


Dimensional Relations in the Theory of Electrolytes. A Correction 


Recent analyses by Onsager! and by Halpern? throw 
considerable light on the foundations of the theory of 
electrolytes. Much of the previous work is superseded or 
stands in need of revision. Halpern? has called attention 
to an inconsistency in our treatment of dimensional 
relations.’ It can be corrected as follows: From Eq. (10) 
of our paper and from the relation 


(1.1) 


we obtain two values of the second derivative 0?W/dV-de;, 
which when equated give 


OW /de=Yi 


j=N 
Ww=— Do eg: 


j=1 


(2.1) 


instead of (14). 
In the same way Eqs. (21) and (1.1) lead to 


T dD T dD| IY ay Ovi 
vf 1-2-2) -[147.2 I p> “~ « 


instead of (25). 
Integrating we obtain: 


i= V-16-f,(e;/ V18), (4.1) 


fi being a function of the N arguments ¢;/V!/* and 


Y= T12. D-12. f.(¢;/T12D12), (5.1) 


fe being a function of the N arguments ¢e;/T!/2D!/2, 


(4.1) and (5.1) when combined give: 


Yi=VAUTIADAM. fy(e;/VSTIAD'2), (6.1) 


Assuming, as is implied in the Debye-Hiickel procedure! 
that 


Vi/a=Y2o/e=-++=pi/e=-e (7.1) 


and introducing the Boltzmann constant k, (6.1) becomes 


Wi =(e:/V"8D) -fa(e;/(DRT)2V"8), (8.1) 


It will easily be seen that the Debye-Hiickel expression 
for ¥; verifies this dimensional relation. Considerations 
concerning the dependence of ¥; on the numbers N,;, the 
ionic strength, etc., could be developed in a manner similar 
to Halpern’s treatment. 
PIERRE VAN RYSSELBERGHE 
Chemistry Department, 
Stanford University, 
April 26, 1934. 


1L. Onsager, Chem. Rev. 13, 73 (1933). 
2Q. Halpern, J. Chem. Phys. 2, 85 (1934). 
3P, Van Rysselberghe, J. Chem. Phys. 1, 205 (1933). 





